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Foreword 


For  successful  operation,  all  manned  diving  systems,  submersibles,  and  hyperbaric  chambers  re¬ 
quire  pressure-reaistant  viewports.  These  viewports  allow  the  personnel  inside  the  diving  bells  and  sub¬ 
mersibles  to  observe  the  environment  outside  the  pressure-resistant  hulls.  In  addition,  on  land,  opera¬ 
tors  of  hyperbaric  chambers  can  observe  the  behavior  of  patients  or  divers  undergoing  hyperbaric 
treatment  inside  the  chambers. 

Sitice  the  viewports  form  a  part  of  the  press.  'esistant  envelope,  they  must  meet  or  surpass  the 
safety  cnteria  used  for  designing  either  the  metaliiw  or  plastic  composite  pressure  envelope.  The 
ASME  Boiler  and  Pressure  Vessel  Code  Secuon  8  provides  such  design  criteria,  and  the  chambers/ 
pressure  hulls  designed  on  their  basis  have  generated  an  unexcelled  safety  record. 

The  viewports,  because  of  the  unique  structural  properties  of  the  acrylic  plastic  used  in  construct¬ 
ing  the  windows,  could  not  be  designed  according  to  the  same  criteria  as  for  the  pressure  envelopes 
fabricated  of  metallic  or  plastic  composite  materials.  To  preclude  potential  catastrophic  failures  of 
wmdows  designed  on  the  basis  of  inadequate  data,  in  1965,  the  U.S.  Navy  initiated  a  window  testing 
program  at  the  Naval  Civil  Engineering  Laboratory  and  the  Naval  Ocean  Systems  Center.  Under  this 
program,  window  testing  was  conducted  until  1975. 

The  objecuve  of  the  window  tesUng  program  was  to  generate  test  data  concerning  the  structural 
performance  of  acrylic-plasuc  windows  fabricated  in  different  shapes,  sizes,  and  thicknesses.  Candi¬ 
dates  for  investigauon  included  the  effect  of  major  design  parameters,  like  the  thickness  to  diameter 
ratio,  bevel  angle  of  bearing  surfaces,  and  the  rauo  of  window  diameter  to  seat-opening  diameter  on 
the  structural  performance  of  the  wmdows,  and  empirical  relationships  were  to  be  formulated  between 
these  vanables  and  the  critical  pressures  at  which  windows  fail.  To  make  the  test  results  realistic,  the 
test  condiuons  were  varied  to  simulate  the  in-service  environment  that  the  windows  were  to  be  sub¬ 
jected.  Thus,  during  testing,  the  windows  were  subjected  not  only  to  short-term  pressurization  at 
room  temperature,  but  also  to  long-term  sustained  and  repeated  pressurization  at  different  ambient 
temperatures. 

On  the  basis  of  these  data,  empirical  relationships  were  formulated  between  design  parameters  and 
test  condiuons.  Committees  m  the  Pressure  Technology  Codes  of  the  American  Society  of  Mechani¬ 
cal  Engineers  subsequently  incorporated  these  relauonships  into  the  Safety  Standard  for  Pressure  Ves¬ 
sels  for  Human  Occupancy  (ASME  PVHO-1  Safety  Standard).  Since  that  time,  this  ASME  Safety 
Standard  has  formed  the  basis  —  worldwide  —  for  desigmng  acry’ic  windows  in  pressure  chambers  for 
human  occupancy.  Their  performance  record  io  excellent,  since  the  publicauon  of  the  Safety  Stan¬ 
dard  in  1977,  no  catastrophic  failures  have  been  recorded  that  resulted  in  personal  injury. 

The  data  generated  by  the  Nave’s  window  testing  program  were  originally  disseminated  in  technical 
reports  of  the  Naval  Civil  Engineering  Laboratory  u.,d  the  Naval  Ocean  Systems  Center,  and  were 
made  available  to  the  general  public  through  the  Defense  Technical  Information  Center.  To  facilitate 
distribution  of  these  data  to  users  inside  and  outside  of  the  Department  of  Defense,  the  technical  re¬ 
ports  have  been  collected  and  are  being  reissued  as  volumes  of  the  U.S.  Navy  Ocean  Engineering 
Studies. 
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These  volumes,  containing  the  collected  technical  reports  on  pressure-resistant  plastic  windows,  will 
be  deposited  in  technical  libraries  of  Naval  Laboratories  and  universities  with  ocean  engineering  pro¬ 
grams.  This  dissemination  of  collected  data  should  significantly  reduce  the  effort  currently  being  ex¬ 
pended  by  students,  engineers,  and  scientists  in  their  search  for  data  dispersed  among  the  many  re¬ 
ports  published  over  a  10-year  period  by  several  Naval  activities. 

^  Volume  V  of  the  Ocean  Engineering  Series  is  a  compilation  of  three  technical  reports  that  discuss 
the  performance  of  spherical  shell  acrylic  windows  having  different  edge  configurations.  The  coverage 
describes  both  spherical  shell  hemispheres  with  equatorial  flanges  and  spherical  shell  sectors  with 
square  edges.  In  addiuon,  their  static  and  cyclic  fatigue  lives  are  compared  to  spherical  shell  sectors 
with  beveled  edges.  The  supenor  cyclic  fatigue  life  and  lower  fabrication  costs  of  spherical  shell  sec¬ 
tors  with  square  edges  make  them  a  more  cost-effective  design  for  spherical  bow  windows  on  manned 
submersibles  than  (1)  spherical  shell  windows  with  beveled  edges  and  (2)  hemispherical  shell  windows 
with  equatorial  flanges. 

The  pressure  and  duration  of  loading  data  summarized  in  the  reports  apply  directly  to  spherical 
shell  windows  of  any  size  with  an  identical  t/Di  ratio,  while  the  displacements  shown  must  be  multi¬ 
plied  by  a  scale  factor  based  on  the  ratio  of  minor  diameters  on  the  test  and  operational  windows. 

To  date,  these  test  data  have  been  used  successfully  in  designing  spherical  bow  wmdows  in  sizes  up  to 
96  inches  for  tourist  submarines. 
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Experimental  evaluation  has  shown  that  the  spherical  windows  with  square  edges  are 
subjected  to  larger  fle.xure  moments  than  similar  windows  with  conical  edges.  However,  the 
short-term  critical  pressures  of  spherical  sector  windows  with  square  edges  and  included 
angles  75°  <  q  <  180°  were  found  to  be  only  10  percent  less  than  similar  windows  with  con 
ical  edges.  For  spherical  sectors  with  q  <  75°,  square-edge  mounting  provides  significantly 
higlicr  short-term  implosion  pressures  than  conical  edge  mountings. 

Based  on  the  sliort-term  critical  pressures,  strains,  stresses,  and  cyclic  fatigue  data  gen¬ 
erated  by  this  study,  the  spherical  shell  sector  windows  with  square-edge  mountings  are 
considered  acceptable  for  service  in  manned  submersibles,  habitats,  or  diving  bells. 
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SUMMARY 


PROBLEM 

Submeriiblcb  require  for  tlieir  operational  effectiveness  large  panoramic  bow  windows. 
To  withstand  Inch  hydrostati*.  pressure  acting  upon  the  submersible,  the  bow  windows  must 
be  made  in  the  shape  of  a  spherical  shell  sector  with  a  conical  edge.  Many  w  indow  s  of  this 
shape  have  been  built  and  are  operating  successfully  in  manned  submersibles. 

The  conical  edge  of  the  spherical  shell  sector  window  and  the  matching  conical  seat 
in  the  mounting  lljiigc  require  costly  machining  to  achieve  the  desired  angular  tolerances. 

If  such  windows  could  be  modified  by  replacing  the  conical  edge  with  a  square  edge,  signifi¬ 
cant  economies  could  be  achieved  during  fabrication. 

RESULTS 

.Acrylic  plastic  spherical  shell  sector  w'indows  with  square  edges  have  been  found  to 
perform  satisfactorily  under  hydrostatic  pressure  when  mounted  in  steel  flanges  with  square 
seats.  Tl’.c  square  edge  performs  particularly  well  on  spherical  sector  windows  with  a  spher¬ 
ical  angle  less  than  75*.  The  sealing  of  spherical  shell  sector  w  indows  with  square  edges  is 
also  more  reliable  and  easier  to  achieve  than  for  similar  window's  w  ith  conical  edges. 

RECOMMENDATIONS 

.Acrylic  plastic  spherical  shell  sector  windows  with  square  edges  should  be  seriously 
considered  by  engineers  designing  large  bow  windows  for  submersibles.  For  spherical  angles 
less  than  75®.  spherical  shell  sector  windows  w-ith  square  edges  should  be  preferred  over 
similar  windows  with  conical  edges. 
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INTRODUCTION 


Since  the  introduction  in  1969  of  acr>lic  plastic  spherical  sector  windows  in  the 
field  of  ocean  engineering,  their  use  has  ^onsistentl>  increased  until  lhe\  ha\e  pra«.ticall\ 
replaced  flat  disw  and  conical  frustum  windows  in  the  bows  of  submersibles  with  design 
depths  less  than  5000  feet  (references  1  through  4).  Glass  and  transparent  ceramics  w  ill 
soon  extend  the  use  of  spherical  sector  windows  to  depths  in  excess  of  30.000  feet  (refer¬ 
ence  5). 

There  are  man\  reasons  for  the  rapid  acceptance  of  spherical  sector  windows,  but 
the  primary  ones  ini.lude  superior  resistance  to  h\drostati>..  h\drod>  naniu.  and  point  impact 
loadings  (reference  o).  It  isbe».ause  of  their  spherical  shape  that  panoramic  windows  with 
an  outside  diameter  of  40  inches  or  more  arc  considered  common,  while  flat  disc  and  conical 
frustum  window  s  larger  than  1 2  inches  are  considered  rare. 

For  some  applications,  the  idea  of  panoramic  \isibilit\ .  extended  one  step  beyond 
the  spherical  scctoi  window,  has  resulted  in  acrylic  plastic  spherical  hulls.  Their  stnictural 
and  optic-al  attributes  (references  7  through  22).  like  those  of  spherical  sector  windows, 
make  them  desirable  replacements  for  spherical  steel  hulls  with  multiple  viewports.  Several 
submersibles  with  alrvlic  plastic  hulls  have  been  built  and  evaluated  (references?.  13. and 
14).  The  performance  of  these  hulls  has  been  found  to  be  not  onlv  equal,  but  in  some  cases 
superior,  to  metallic  hulls.  The  long-tenn  entrapment  of  the  Johnson-Sca-Link  submersible 
off  the  Flonda  Coast  in  19“2  with  the  accompanying  death  of  two  aquanauts  inside  the 
metallic  lockout  chamber  and  the  survival  of  two  crew  members  inside  the  acry  lic  pilot 
capsule  is  a  good  example  of  one  advantage  of  aery  he  material,  that  is.  its  e.xcellent  thermal 
insulation  against  low  temperatures  experienced  at  great  depths  even  in  subtropical  and 
tropical  areas  ( reference  23). 

Tlie  mounting  of  sphcric-al  sector  acrylic  windows  in  metallic  hulls  must  be  carefully 
performed,  or  unacceptably  high  stresses  can  be  generated  in  the  bearing  surface  of  the 
window  (references  1  and  19).  The  classical  design  solution,  the  use  of  matched  conical 
bearing  surfaces  on  the  window  and  the  flange  scat  (figure  1 ).  has  proven  itself  in  countless 
installaiionsand  will  continue  to  be  used.  The  primary  advantagesof  this  mounting  arc  the 
abilities  of  conical  surfaces  to  act  as  a  secondary  high  pressure  seal  and  to  accommodate 
windows  with  slightly  smaller  or  larger  diameters  than  specified. 

Unfortunately .  spherical  windows  with  conical  beanng  surfaces  also  possess  »mc 
disadvantages.  ( 1 )  the  high  cost  of  accurately  machining  the  angle  of  conical  surfaces  and 
(2)  the  susceptibility  to  static  and  cyclic  fatigue  cracks  in  the  ermical  bearing  surface  caused 
by  sliding  of  the  window  on  the  seat  in  the  flange.  Since  the  conical  mounang  design  i.%  less 
than  ideal,  other  designs  have  been  considered  as  possible  alternatives.  One  such  design  has 
shown  sufficient  promise  to  merit  expenmcntal  evaluation.  This  report  covers  the  design 
and  experimental  evaluation  of  spherical  sector  windows  equipped  with  M^uarc  vertical  bear¬ 
ing  and  radial  thrust  surfaces  i  figure  2 1.  Windows  equipped  with  siidi  beanng  and  ihnist 
surfaces  are  totally  restrained  at  the  edge. 


DESCRIPTION  OF  NEW  MOUNTING  CONCEPT 


The  square  edges  on  tlie  spherical  sector  windows  have  as  their  objective  total 
restraint  of  the  window  edge  during  application  of  hydrostatic  loading  to  the  convex  surface 
of  the  window.  Total  restraint  has  been  achieved  by  carrying  all  vertical  bearing  forces  on  a 
flat  horizontal  surface  around  the  circumference  of  the  window,  while  the  radial  thrust  of 
the  window  is  carried  by  a  vertical  cylindrical  surface  forming  the  outside  diameter  of  the 
window  (figure  3A).  The  seat  in  the  window  flange  has  a  set  of  surfaces  that  matches  that 
of  the  window  (figure  3B).  Since  both  the  horizontal  and  vertical  surfaces  on  the  window 
as  well  as  on  the  flange  can  be  rapidly  and  precisely  machined  on  a  lathe,  there  is  a  good  fit 
between  the  edge  of  the  window  and  the  seat  in  the  flange.  This  fit  assures  even  distribution 
of  compressive  stresses  in  the  edge  of  the  window.  Furthermore,  because  of  the  small  clear¬ 
ance  between  the  cylindrical  surface  of  the  window’s  circumference  and  the  outside  diameter 
of  the  seat  in  the  flange,  very  little  sliding  occurs  between  the  horizontal  bearing  surface  on 
the  window  and  the  seat  in  the  flange.  This  fact  alone  should  substantially  increase  the 
fatigue  life  of  the  window’s  bearing  surface.  This  minimal  effect  of  minute  sliding  can  be 
totally  eliminated  through  the  use  of  hard  neoprene  or  a  cork  bearing  gasket  which  is  placed 
between  the  horizontal  bearing  surfaces  of  the  window  and  the  flange.  In  effect,  the  new 
window  mounting  design  eliminates  to  a  large  degree  surface  crazing  and  cracks  initiated  on 
the  window’s  horizontal  bearing  surface  by  shear  forces  between  the  moving  window  and 
the  stationary  flange  seat.  However,  because  of  the  restraint  imposed  on  the  edge  of  the 
window,  bending  stresses  of  higner  magnitude  are  imposed  on  the  spherical  sector  window 
with  a  square  edge  than  upon  a  similar  window  with  a  conical  edge.  The  seriousness  of  these 
stresses  was  evaluated  during  this  experimental  study. 


EVALUATION  OF  NEW  MOUNTING  CONCEPT 

The  evaluation  of  the  new  mounting  concept  for  spherical  sector  windows  with 
square  edges  was  experimental.  It  consisted  of  (1)  designing  a  series  of  acrylic  plastic  spher¬ 
ical  sectors  with  square  edges;  (2)  fabricating  the  sectors;  (3)  instrumenting  the  sectors  with 
electric  resistance  strain  gages;  (4)  subjecting  the  instrumented  sectors  to  external  hydro¬ 
static  pressure;  and  (5)  comparing  the  experimentally  generated  strains  with  those  from 
past  tests  on  spherical  sectors  with  conical  edges. 

DESIGNS 

The  design  of  the  square  edge  on  the  window  required  that  the  available  surface  be 
proportioned  between  the  horizontal  bearing  and  vertical  thrust  surfaces.  The  relationship 
between  the  membrane  force  acting  on  the  conical  bearing  surface  and  the  vertical  and  hori¬ 
zontal  force  components  acting  ou  the  horizontal  and  vertical  surfaces  in  the  flange  seat  can 
be  expressed  as 


K  =  % 

(1) 

_  a 

V  " 

(2) 

where 


Fj^  is  radial  thrust,  pounds/inch  of  circumference 

Fy  is  vertical  bearing  force,  pounds/inch  of  circumference 

Fj^is  membrane  force,  pounds/inch  of  circumference. 

From  equations  1  and  2,  one  can  readily  see  that  as  the  total  included  angle  of  the  spherical 
sector  increases  so  does  the  vertical  force  component,  while  the  horizontal  force  component 
decreases  until  for  a  hemisphere  it  is  equal  to  zero.  Only  for  an  included  angle  of  90°  are 
both  components  of  equal  magnitude. 

Since  it  is  desirable  to  maintain  a  uniform  compressive  bearing  stress  on  the  edge  of 
the  window,  the  areas  of  the  horizontal  and  vertical  edge  surfaces  must  be  proportional  to 
the  magnitude  of  the  vertical  and  horizontal  force  components  (figure  4).  This  can  be  readily 
accomplished  by  assigning  the  following  dimensions  to  the  vertical  and  horizontal  surfaces 


of  the  window  edge; 

h  =  t  cosy 

(3) 

.  a 

w  =  tsiny. 

(4) 

where 


h  is  the  height  of  the  cylindrical  surface 
w  is  the  width  of  the  horizontal  surface 
t  is  the  thickness  of  the  shell. 

The  design  of  the  edge  can  also  be  rapidly  accomplished  by  (1)  drawing  to  scale  the 
cross  section  of  the  spherical  sector  window  with  the  conical  edge,  (2)  converting  the  conical 
edge  into  a  square  edge  by  placement  of  vertical  and  horizontal  lines  that  originate  at  the 
outer  and  inner  diameters  of  the  sector,  and  (3)  measuring  the  resultant  dimensions  of  the 
window  to  the  nearest  0.01  of  an  inch. 

TEST  SPECIMENS 

Model  scale  sectors  with  t/Rj  =  0.159  were  selected  as  test  specimens.  This  ratio  was 
selected  as  representative  of  spherical  sector  windows  either  in  service  or  soon  to  be  in  service 
aboard  submersibles  with  design  depths  in  the  1000- to  3000-foot  range. 

A  total  of  eight  window  specimens  was  prepared  (table  1).  Seven  were  fabricated 
with  the  square  edge,  and  one  was  made  with  a  conical  edge  (figures  5  through  1 1).  The 


5 


Table  1.  Spherical  Sector  Window  Test  Specimens. 


Spherical  Angle, 
deg 

Dj,  in 

Rj,in 

t,  in 

t/Dj 

t/Ri 

Type  of 
Mounting 

30 

1.786 

3.450 

0.540 

0.302 

0.157 

Square  edge 

60 

3.445 

3.452 

0.550 

0.160 

0.159 

Square  edge 

90 

4.881 

3.448 

0.545 

0.112 

0.158 

Square  edge 

120 

5.965 

3.452 

0.548 

0.092 

0.158 

Square  edge 

120 

5.970 

3.452 

0.551 

0.092 

0.160 

Square  edge 

120 

5.975 

3.453 

0.550 

0.092 

0.159 

Conical  edge 

150 

6.655 

3.451 

0.550 

0.083 

0.159 

Square  edge 

180 

6.890 

3.445 

0.547 

0.079 

0.159 

Square  edge 

Notes:  1 .  Acrylic  plastic  serving  as  machining  stock  was  4-inch-thick  Plexiglas  G. 
2.  All  surfaces  of  the  window  test  specimens. were  polished. 


window  with  the  conical  edge  had  an  included  angle  of  120°,  typical  of  most  spherical  sector 
windows  in  modern  submersibles  (figure  9).  The  window  with  the  conical  edge  was  included 
to  allow  a  direct  comparison  between  strains  in  both  window  edge  designs  for  a  typical  sub¬ 
mersible  window.  Since  both  types  of  window  were  to  be  tested  at  the  same  time  in  a  single 
pressure  vessel,  the  effect  of  experimental  variables,  such  as  temperature  and  pressure  varia¬ 
tions  on  the  strain  readings,  would  be  eliminated. 

FABRICATION 

The  spherical  sector  windows  were  fabricated  (figure  12)  by  machining  from  4-inch- 
thick  Plexiglas  G  plate,  the  physical  properties  of  which  were  in  excess  of  Navy  and  ASME 
specifications  for  acrylic  plastic  in  man-rated  windows  (references  19  and  20).  The  fabiica- 
tion  of  the  windows  concluded  with  polishing  of  all  surfaces  and  annealing  at  175°F  for 
6  hours. 

Flanges  for  the  windows  were  fabricated  (figure  12)  from  steel  with  a  minimum 
yield  point  of  80,000  psi.  All  surfaces  were  machined  to  a  32  root-mean-square  finish  to 
insure  smooth  surfaces  in  the  window  seat.  The  flanges  were  substantial  enough  to  with¬ 
stand  the  radial  thrust  of  the  window  without  yielding  at  the  hydrostatic  loadings  required 
to  cause  the  window’s  failure. 

The  clearance  between  the  vertical  edge  of  the  window  and  the  seat  in  the  flange 
was  usually  less  than  0.005  inch  and  in  no  case  more  than  0.010  inch. 


INSTRUMENTATION 


Each  window  test  specimen  was  instrumented  with  0. 1 25-inch-long  strain  gage 
rosettes  (figure  13).  The  gages  were  bonded  to  the  interior  surface  of  the  spherical  sectors 
along  a  single  meridian  at  15°  intervals  of  elevation.  In  addition,  one  gage  was  bonded  to 
the  external  surface  opposite  the  internal  gage  at  the  edge  of  the  window  (figure  14). 

Because  of  this  arrangement,  some  w.:‘.dows  had  as  many  as  eight,  or  as  few  as  three, 
rosettes.  The  gages  were  waterproofed.  The  wires  from  the  external  gages  were  conducted 
to  the  exterior  of  the  pressure  vessel  via  a  pipe  conduit,  while  those  from  the  external  gage 
penetrated  the  vessel’s  end  closure  via  a  pressure-resistant  wire  feedthrough. 

TEST  ARRANGEMENT 

Testing  was  conducted  in  a  10-inch-diameter  pressure  vessel  with  a  20,000-psi  pres¬ 
sure  capability  at  Southwest  Research  Institute,  San  Antonio,  Texas.  Water  (70°  to  75°F) 
was  used  as  the  pressurizing  medium.  Each  specimen  was  mounted  in  its  respective  flange 
which,  in  turn,  was  placed  on  a  flat  steel  bulkhead  with  infinite  rigidity.  Joints  between  the 
window  and  the  flange  and  the  flange  and  the  bulkhead  were  sealed  with  room-temperature- 
vulcanizing  silicone  rubber  (figure  15).  When  mounted  inside  the  pressure  vessel,  the  interior 
of  the  window  was  always  maintained  at  atmospheric  pressure  via  the  open  instrumentation 
conduit  between  the  bulkhead  and  the  pressure  ve.ssel  cover  (figure  16). 

When  two  120°  sectors  were  tested  simultaneously,  the  bulkhead  was  replaced  by  a 
ring  separating  the  two  window  flanges  (figure  17).  Sealing  was  also  achieved  with  room- 
ternperature-vulcamzing  silicone  rubber  and  ambient  atmospheric  pressure  was  maintained 
between  the  two  windows  by  a  pressure  resistant  conduit  which  connected  the  interior  of 
the  window  assembly  to  the  exterior  of  the  pressure  vessel. 

TEST  PROCEDURE 

Short-term  implosion  testing  was  conducted  by  individually  pressurizing  at  a  rate  of 
650  psi/minute  to  implosion  each  window  that  had  been  previously  subjected  to  24-hour 
sustained  loading.  Strains  were  recorded  at  500-psi  intervals,  while  the  650-psi/minute  pres¬ 
surization  rate  was  maintained  until  implosion  occurred. 

Long-term  testing  was  done  by  individually  subjecting  the  30°,  60°,  90°,  120°,  150°, 
and  180°  spherical  sectors  with  square  edges  to  1200  psi*  of  sustained  external  hydrostatic 
pressure  for  24  hours.  Strain  readings  were  recorded  at  200-psi  increments  during  the  650- 
psi/minute  pressurization  and  at  6-hour  intervals  during  sustained  loading.  Sustained  loading 
was  followed  by  depressurization  at  a  650-psi/minute  rate  and  a  24-hour  period  of  relaxa¬ 
tion.  Strain  readings  were  recorded  again  at  200-psi  increments  during  depressurization  and 
at  6-hour  intervals  during  the  relaxation  period. 

Cyclic  testing  was  conducted  on  a  twin  window  assembly  consisting  of  two  120° 
spherical  sectors  (figure  17).  One  sector  had  a  square  edge,  and  the  other  a  conical  edge. 


*  Equal  to  approxiinatch  25  percent  of  tir  short-term  critical  pressure  for  windows  with  t/R  =  0.159  and  included 
angles  in  the  60°  to  180°  range  (reference  1). 
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The  first  pressure  cycle  consisted  of  (1)  pressurizing  the  twin  window'  assembly  to  1200  psi 
at  a  650-psi/minute  rate,  (2)  maintaining  the  pressure  for  24  hours,  (3)  depressurizing  at  a 
650-psi/minute  rate  to  0  psi,  and  (4)  relaxing  at  0  psi  for  24  hours.  Strains  were  read  at 
200-psi  increments  during  pressurization  and  at  6  hour  intervals  during  sustained  loading. 
During  depressurization,  the  strains  were  read  again  at  200-psi  increments  and  6-hour  relax¬ 
ation  intervals.  The  following  100  pressure  cycles  were  shorter;  sustained  loading  and  relax¬ 
ation  periods  were  only  4  hours  each.  During  the  1 00  short  cycles,  the  strains  were  read 
only  from  gages  located  at  90°  elevations  on  both  windows.  The  readings  were  taken  every 
third  pressure  cycle  four  times;  (1)  prior  to  pressurization,  (2)  immediately  after  pressuriza¬ 
tion,  (3)  after  4  hours  of  sustained  loading  at  1200  psi,  and  (4)  immediately  after 
depressurization. 

Static  fatigue  testing  was  performed  by  pressurizing  the  twin  window  assembly  (fig¬ 
ure  17)  to  2500  psi  (approximately  50  percent  of  short-term  critical  pressure)  and  maintain¬ 
ing  this  pressure  until  implosion  of  one  window  in  the  assembly. 

TEST  OBSERVATIONS 

Short-Term  Testing 

Implosions  of  spherical  sector  windows  with  square  edges  took  place  at  critical  pres¬ 
sures  comparable  to  those  of  spherical  sectors  with  conical  edges  that  were  tested  in  a  previ¬ 
ous  study  (table  2).  Some  critical  pressures  were  above  the  minimum  critical  pressures  of 
windows  with  conical  edges  (reference  1),  while  others  were  below  (figure  18).  It  is  interest¬ 
ing  to  note  that  spherical  sector  winuows  with  square  edges  failed  at  higher  pressures  than 
ones  with  conical  edges,  if  the  spherical  angle  was  less  than  75°.  However,  if  the  spherical 
angle  was  larger  than  75°  but  less  than  180°,  the  spherical  sectors  with  square  edges  failed  at 
approximately  10  to  15  percent  lower  pressures  than  those  with  conical  edges.  Only  if  the 
spherical  angle  was  75°  or  180°  were  the  failure  pressures  the  same,  regardless  of  window 
edge  shape.  It  would  thus  appear  that  spherical  sector  windows  with  square  edges  and  spher¬ 
ical  angles  less  than  75°  are  probably  better  suited  to  withstand  short-term  overpressuriza¬ 
tions  than  identical  windows  with  conical  edges.  However,  in  the  75°  to  180°  range  of 
spherical  angles,  the  windows  with  square  edges  are  less  suited  to  withstand  short-term  over¬ 
pressurizations  than  identical  windows  with  conical  edges. 

The  failure  mode  of  windows  with  square  edges  wa  -»plastic  instability  accompanied 
by  large-scale  flexure  moments  (figures  19  through  26).  This  postulate  is  supported  by  the 
presence  of  cone-shaped  fractures  located  in  the  center  of  concave  surfaces  on  some  of  the 
windows  (figures  19,  20,  and  21).  This  fracture  pattern  is  typical  of  flexure  fractures  in  flat 
disc  and  conical  frustum  windows  with  similar  t/Rj  ratios.  In  addition,  a  deep  crack  was 
observed  on  the  convex  surface  of  the  90°  window  around  its  periphery  (figure  2 1  ^  Both 
fractures  are  indicative  of  tensile  stresses  on  the  surface  of  the  window  at  the  moment  of 
failure;  the  central  interior  fracture  cone  is  the  result  of  tensile  stresses  on  the  concave  sur¬ 
face  at  the  center  of  the  window,  while  the  external  crack  around  the  periphery  was  gener¬ 
ated  by  tensile  stresses  on  the  exterior  surface. 

The  presence  of  two  fracture  surfaces  in  the  spherical  sector  windows  with  square 
edges  is  distinctly  different  from  the  fracture  pattern  observed  during  past  studies  in  windows 
with  conical  edges  (reference  1).  In  windows  with  conical  edges,  only  the  central  fracture 
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Table  2.  Implosion  Pressures  o^  Spherical  Sector  Windows  with  Square  Edges 
Under  Short-Term  Hydrostatic  Loading. 


Spherical  Angle, 
deg 

t/Ri 

t 

Ri 

Implosion  Pressure, 
psi 

30 

0.157 

0.540 

3.450 

1 1 ,700 

60 

0.159 

0.550 

3.452 

5850 

90 

0.158 

0.545 

3.448 

4700 

120 

0.158 

0.548 

3.452 

4500 

150 

0.159 

0.550 

3.451 

4550 

180 

0.159 

0.547 

3.445 

5200 

Notes:  1.  Rate  of  pressurization.  650  psi/minute. 

2.  Ambient  temperature  during  test,  65  to  75“F. 

3.  Prior  to  implosion  testing,  each  window  was  subjected  to  a  24-hour-long 
sustained  loading  of  1 200-psi  magnitude  followed  by  a  24-hour-long 
relaxation  period  at  0  psi. 

cone  originating  on  the  concave  surface  at  the  apex  has  been  observed.  This  is  evidence  that 
in  a  spherical  sector  window  with  a  conical  edge  tensile  stresses  that  exceed  the  tensile 
strength  of  acrylic  are  present  at  the  moment  of  failure  only  at  the  apex  of  the  window  on 
the  concave  surface.  The  absence  of  high  tensile  stresses  on  the  convex  surface  around  the 
periphery  of  the  window  with  a  conical  edge  is  explained  by  the  fact  that  only  a  very  low 
flexure  moment  exists  at  the  edge  of  the  window.  The  presence  of  a  low  flexure  moment 
at  this  location  is  in  turn  explained  by  the  ability  of  the  conical  edge  to  slide  on  the  steel 
seat  and  thus  help  relieve  the  window  of  the  radial  restraint  imposed  by  the  steel  flanges. 
Since  the  spherical  sector  window  with  a  square  edge  is  restrained  radially  by  the  square 
window  seat,  high  bending  moments  are  generated  in  such  windows  not  only  at  the  center 
during  the  moment  of  failure  but  also  around  the  periphery  of  the  window  prior  to  failure. 

Strains  in  windows  with  square  edges  were  fairly  linear  to  approximately  2500  psi 
of  hydrostatic  loading  (figures  27  through  33).  Above  that  value,  they  became  highly  non¬ 
linear  and  in  many  cases  reversed  direction.  The  meridional  strains  in  particular  indicated 
large-scale  bending  occurring  around  the  periphery  and  at  the  center  of  the  window.  Bend¬ 
ing  around  the  periphery  was  deduced  from  the  observation  that  the  meridional  compressive 
strain  on  the  convex  surface  of  the  window  around  its  periphery  (location  1-0)*  generally 
showed  only  a  small  increase  with  pressure  (or  even  became  positive),  while  the  meridional 
compressive  strain  on  the  concave  surface  of  the  window  around  its  periphery  (location  1) 
showed  a  rapid  increase  with  pressure.  Flattening  of  the  window’s  center  was  deduced  from 
observation  of  the  meridional  strain  at  the  center  of  the  concave  surface.  This  strain 


*  Location  numbers  refer  to  figure  13. 
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generally  increased  linearly  with  pressure.  It  was  only  just  before  implosion  that  the  plotted 
strain  showed  radical  departure  from  the  linearity  that  is  typical  of  large-scale  window  deflec¬ 
tion  during  elastic  or  plastic  buckling  failure. 

It  is  interesting  to  note  that  there  is  a  marked  difference  between  the  character  of 
strains  on  30°  to  60°  square-edged  windows  and  the  90°.  120°,  and  150°  square-edged  win¬ 
dows:  In  the  latter  instance  the  strains  on  the  concave  surface  at  the  apex  are  negative, 
while  in  the  former  they  are  positive  and  as  the  external  pressure  increases  so  does  tlieir 
magnitude.  This  substantiates  the  postulate  that  square-edged  windows  with  spherical 
angles  <  60°  fail  in  flexure  at  the  apex  while  those  with  spherical  angles  ^  60°  fail  because 
of  plastic  instability  characterized  by  high  compressive  strains  on  the  concave  surface  at  the 
apex  which  reverse  their  direction  just  prior  to  implosion. 

Long-Term  Testing 

Strains  recorded  during  the  pressurization  of  spherical  sector  windows  with  square 
edges  to  1200  psi  were  quite  linear  and  exhibited  the  same  characteristics  as  strains  recorded 
during  short  testing  to  implosion.  These  characteristics  are  ( 1)  a  very  small  rate  of  increase 
in  compressive  strain  on  the  convex  surface  around  the  periphery  of  the  window,  along 
meridional  and  hoop  directions,  and  (2)  a  very  large  increase  in  compressive  strain  on  the 
concave  surface  around  the  periphery  of  the  window  in  the  meridional  direction.  It  is  inter¬ 
esting  to  note  that  the  magnitude  of  compressive  meridional  strain  on  the  concave  surface 
around  the  periphery  of  the  window  is  a  function  of  spherical  angle  (figure  34).  The  merid¬ 
ional  strain  at  this  location  reaches  a  maximum  in  square-edged  windows  with  a  150°  angle. 

For  larger  angles,  the  magnitude  of  strain  decreases.  Strains  at  the  apex  .m  the  concave  sur¬ 
face  behave  somewhat  differently  (figure  35).  For  included  angles  0°  <  <  50°,  the  magni¬ 
tude  of  tensile  strain  is  an  inverse  function  of  the  angle,  reaching  zero  at :  0°.  For  a  >  50°  the 
strain  becomes  compressive,  its  magnitude  increasing  linearly  with  the  angle  reaching  a  maxi¬ 
mum  at  135°.  At  angles  above  135°,  the  compressive  strain  decreases  with  an  increase  in  angle. 

This  distribution  of  strains  is  quite  different  in  spherical  sector  windows  with  conical 
edges.  There  the  difference  in  strain  rates  between  different  locations  on  the  window  is 
much  less,  although  the  least  compressive  strain  is  found  on  the  convex  surface  and  the  max¬ 
imum  compressive  strain  on  the  concave  surface  around  the  periphery  of  the  window.  In 
general,  the  salient  characteristics  of  spherical  sector  windows  with  conical  surfaces  are 
(1)  uniformity  of  strain  distribution  on  the  concave  and  convex  surfaces  and  (2)  linearity 
of  strain  rates. 

Stresses  in  150°  and  120°  spherical  sector  windows  with  square  edges  were  found  to 
be  somewhat  higher  than  in  windows  with  conical  edges,  the  highest  ctress  being  observed 
in  the  window  with  a  150°  included  angle  (figures  36  through  42).  This  -.-’.c  .  ress, 

located  on  the  concave  surface  around  the  periphery  of  the  window,  was  c:  .  ..;d  meridio¬ 
nally.  Its  magnitude  was  approximatel\  30  percent  higher  than  in  a  window  of  the  same 
dimensions  with  a  conical  edge.  Square-edged  window's  with  spherical  a>  ,.,'es  <  90°  had 
maximum  stresses  that  were  less  than  those  in  comparable  windows  with  conical  edges. 

Creep  in  spherical  sector  windows  with  square  edges  was  found  to  be  highe.st  on  the 
concave  surface  around  the  periphery  of  the  window  .  Its  magnitude  after  24  hours  of  sus¬ 
tained  pressurization  at  1200  psi  was  approximately  20  to  30  percent  of  the  short-term 
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strain  at  that  location.  By  comparison,  the  creep  on  the  concave  surface  at  the  apex  of  the 
window  was  only  10  to  15  percent  of  the  short-term  strain  at  that  location. 

Cyclic  Testing 

The  results  from  cyclic  testing  are  very  valuable  because  the-,  ,  ermit  a  comparison 
between  strains  on  1 20°  spherical  sector  windows  equipped  with  ei  ,  .  onical  or  square 

edge.  Since  this  type  of  window  is  widely  utilized  in  modern  sub:,;r  .  experimental 
data  generated  by  the  120°  spherical  angle  test  specimen  in  :h^  m.  ’  i'  ■:tilized  imme¬ 
diately  to  both  verify  existing  bow  windows  and  design  futuic  >.,• . 

At  the  conclusion  of  the  first  pressure  cycle  of  24  hours,  sti.ii  :  measured  on  the 
120°  window  with  a  conical  edge  were  found  (table  A2)  to  be  highes  '-12,250  microniches/ 
inch)  on  the  concave  surface  around  the  interior  periphery  of  the  v/i  i.  oriented  in  the 
meridional  direction.  The  highest  strain  (-1 5,875  microinches/inch'!  fhe  window  with  a 
square  edge  was  also  at  the  same  location  and  oriented  in  the  same  e  ■„  .ion  (table  Al). 

The  lowest  strain  on  the  120°  window  with  a  conical  edge  was  found  viable  A2)  to  be 
(-600  microinches/inch)  on  the  convex  surface  around  the  periphery  of  the  window  oriented 
in  the  circumferential  direction.  The  lowest  strain  in  the  window  with  square  edge  was  also 
(figure  30)  at  the  same  location  and  oriented  in  the  same  direction  (+30  microinches/.nch). 
On  the  concave  surface  at  the  apex,  the  strains  for  the  120°  window  with  a  conical  edge 
were,  after  24  hours  of  sustained  loading  at  1200  psi,  -8200  microinches/inch  in  the  hoop 
direction  and  -7750  microinches/inch  in  the  meridional  direction.  For  the  window  with  the 
square  edge,  the  strains  at  the  same  location  were  -8200  microinches/inch  in  the  hoop  direc¬ 
tion  and  -8450  microinches/inch  in  the  meridional  direction. 

During  the  following  99  pressure  cycles  of  4  hours,  the  strains  on  the  concave  and 
Convex  surfaces  at  the  apex  were  found  to  change  very'  little,  except  on  the  concave  surface 
for  the  window  with  the  square  edge  where  the  magnitude  of  strains  both  in  the  hoop  ann 
meridional  directions  decreased  significantly  (about  ;0  percent)  between  the  first  and  the 
ninety-ninth  cycle. 

Visual  inspection  of  the  windows’  square  and  conical  bearing  surfaces  failed  to 
detect  any  signs  of  incipient  cracks  or  crazing.  Visual  observation,  however,  detected  radial 
scratches  (figure  43)  on  the  conical  bearing  surface  of  the  steel  flanges;  the  scratches  were 
generated  by  repeated  sliding  of  the  window  in  the  conical  flange  during  100  cyclic  pressur¬ 
izations  to  1200  psi.  The  length  of  the  individual  scratches  was  measured  to  be  about  0.025 
inch.  Radial  scratches  were  not  observed  (figure  44)  on  the  square  edge’s  bearing  surfaces 
of  the  steel  flange,  which  indicated  that  sliding  did  not  take  place  between  window  with  tlv. 
square  edge  and  its  seat  in  the  flange  because  of  the  tight  fit  between  them. 

Static  Fatigue  Testing 

After  subjecting  the  twin  window  test  assembly  (figure  17)  to  2500  psi  of  sustained 
hydrostatic  loading  for  800  hours  at  70°F  ambient  temperature,  one  window  imploded. 
Investigation  revealed  (figiires45  and  46)  that  the  implos.’'.-n  was  initiated  by  the  120° 
spherical  sector  window  with  a  square  edge.  This  was  expected  since  previous  sliort-  and 
long-term  tests  had  shown  the  maximum  strain  to  be  higher  in  tin  window  with  the  square 
edge. 
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The  800-hour-long  static  fatigue  life  of  the  spherical  sector  window  with,  a  square 
edge  at  pressure  loading  equal  to  56  percent  short-term  critical  pressure  compares  favorably 
with  the  900-hour-long  static  fatigue  life  previously  established  for  acrylic  plastic  NEMO 
spheres  with  0.153  t/Rj  ratio  at  56  percent  of  their  short-term  critical  pressure  (reference  8). 
On  the  basis  of  these  data,  it  can  be  postulated  that  the  high  compressive  meridional  strain 
on  the  concave  surface  around  the  perq.hery  of  the  window  Joes  not  significantly  decrease 
the  static  fntigue  life  of  a  spherical  sector  vvindow  with  a  square  edge. 


FINDINGS 

1.  Spherical  shell  sec. or  windows  with  square  edges  and  included  angles  75°  <a  < 
180°  fail  at  approximately  10  percent  lower  short-term  pressure  loading  than  spherical  shell 
sector  w:. id ows  with  conical  edges,  if  they  have  the  same  t/Rj  ratio  of  0.159  and  included 
angle  a..  Windows  with  square  edges  and  included  angles  a.  <  75°  fail  under  short-term  loau- 
ing  at  significantly  higher  pressures  than  similar  windows  with  conical  edges. 

2.  The  magnitude  of  the  maximum  compressive  strain  on  spherical  shell  sector  win¬ 
dows  with  square  edges  is  generally  higher  than  in  windows  with  conical  edges  and  identical 
t/Rj  ratios  and  included  angles  a. 

3.  The  maximum  compressive  strain  on  windows  with  squaie  edges  is  located  on  the 
concave  surface  around  the  periphery  of  t.he  window  and  is  oriented  in  the  meridional  direc¬ 
tion.  Its  magnitude  is  approximately  30  pv  rcent  higher  than  the  strain  at  the  same  location 
in  120°  spherical  shell  windows  with  conical  edges. 

4.  Spherical  shell  sector  windows  with  square  edges  properly  fitted  into  steel  retain¬ 
ing  flanges  do  not  slide  upon  the  tlange  seat  when  subjected  to  external  hydrostatic  loading 
of  a  cyclic  nature.  As  a  result,  the  fatigue  life  of  the  win  ,w’s  bearing  surface  is  much  longer 
for  windows  with  square  edges  than  for  windows  with  cc..ical  edges. 

5.  Spherical  shell  sector  windows  with  square  edges  and  included  angles  a  <  60°  fail 
at  the  apex  in  simple  flexure.  The  strains  on  the  concave  surface  at  the  apex  are  tensile  at 
all  times,  and  their  magnitude  increases  linearly  with  hydrostatic  loading. 

6.  Spherical  shell  sector  windows  with  square  edg?s  and  included  angles  a  >  90° 
generally  fail  because  of  p -Stic  instability.  The  strains  on  the  concave  surface  at  the  apex 
are  compressive  at  all  time.=  and  their  magnitude  increases  linearly  with  hydrostatic  loading 
until  immediately  prior  to  j-'-astic  instability. 

7.  Maximum  creep  in  spherical  shell  sector  windows  with  square  edges  was  found  to 
be  equal  to  approximately  30  percent  of  the  shoit-term  sti  jin  '...lue  after  24  hours  of  sustained 
loading  at  25  percent  of  the  short-term  critical  pressure. 


CONCLUSION 


Acrylic  plastic  spherical  shell  sector  windows  with  square  edges  have  been  found  to 
be  acceptable  for  service  in  manned  hyperbaric  chambers,  submersibles,  diving  bells,  or 
habitats,  if  they  are  operated  at  lower  pressures  than  similar  spherical  shell  sector  windows 
with  conical  edges. 


RECOMMENDATIONS 

1 .  Acrylic  plastic  spherical  shell  sector  windows  with  square  edges  can  be  used  as 
pressure-resistant  viewports  in  pressure  vessels  for  human  occupancy,  if  the  hydrostatic 
loading  to  which  they  are  subjected  is  less  than  their  short-term  critical  pressure  divided  by 

a  conversion  factor  of  7  (reference  19).  For  service  at  temperatures  above  75°C,  higher  con¬ 
version  factors  must  be  used. 

2.  To  maximize  the  cyclic  fatigue  life  of  such  windows  with  square  edges,  it  is  required 
that  (1)  a  thin  neoprene  gasket  be  bonded  to  the  horizontal  bearing  surface  of  the  window, 
(2)  the  radial  clearance  between  the  edge  of  the  window  '.;iul  the  inner  surface  of  the  seat  be 
kept  to  a  minimum  during  assembly  at  room  temperature,  end  C3)  0-ring  grooves  be  absent 
from  the  bearing  surfaces  on  the  window  or  the  flange. 

3.  Spherical  shell  sector  windows  should  be  sealed  with  an  elastomeric  gasket  or 
0-ring  compressed  between  the  convex  surface  of  the  window  and  a  retainer  ring  (figure  47). 

4.  When  the  design  parameters  of  a  submersible  system  call  for  a  spherical  sector 
window  with  an  included  spherical  angle  less  than  75°,  a  square  edge  mounting  is  preferred 
over  •:  conical  edge  mounting.  The  square  edge  provides  not  only  a  more  secure  mounting 
in  the  flange  seat,  but  also  gives  thin  windows  a  significantly  higher  short-term  implosion 
pressure 
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CONCLUSION 


Acrylic  plastic  spherical  shell  sector  windows  with  square  edges  have  been  found  to 
be  acceptable  for  service  in  manned  hyperbaric  chambers,  submersibles,  diving  bells,  or 
habitats,  if  they  are  operated  at  lower  pressures  than  similar  spherical  shell  sector  windows 
with  conical  edges. 


RECOMMENDATIONS 

1.  Acrylic  plastic  spherical  shell  sector  windows  with  square  edges  can  be  used  as 
pressure-resistant  viewports  in  pressure  vessels  for  human  occupancy,  if  the  hydrostatic 
loading  to  which  they  are  subjected  is  less  than  their  short-term  critical  pressure  divided  by 

a  conversion  factor  of  7  (reference  19).  For  service  at  temperatures  above  75°C,  higher  con¬ 
version  factors  must  be  used. 

2.  To  maximize  the  cyclic  fatigue  life  of  such  windows  with  square  edges,  it  is  required 
that  ( 1)  a  thin  neoprene  gasket  be  bonded  to  the  horizontal  bearing  surface  of  the  window, 
(2)  the  radial  clearance  between  the  edge  of  the  window  '.nd  the  inner  surface  of  the  seat  be 
kept  to  a  minimum  during  assembly  at  room  temperature,  and  (3)  0-ring  grooves  be  absent 
from  the  bearing  surfaces  on  the  window  or  the  flange. 

3.  Spherical  shell  sector  windows  should  be  sealed  with  an  elastomeric  gasket  or 
0-ring  compressed  between  the  convex  surface  of  the  window  and  a  retainer  ring  (figure  47). 

4.  When  the  design  parameters  of  a  submersible  system  call  for  a  spherical  sector 
window  with  an  included  spherical  angle  less  than  15°.  a  square  edge  mounting  is  preferred 
over  •:  conical  edge  mounting.  The  square  edge  provides  not  only  a  more  secure  mounting 
in  the  flange  seat,  but  also  gives  thin  windows  a  significantly  higher  short-term  implosion 
pressure 
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Part  A.  Disassembled 


Part  B.  Assembled. 
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ail  dimensions  in  inches 

material:  steel,  80,000-psi  yield  point 


Figure  5.  30°  spherical  sector  window  wnh  square  edge  and  associated  steel  mounting  flange. 
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I'isiire  7.  90°  splierical  seclor  window  with  stiiiaic  cdjic  and  associated  steel  ninnntint<  I'lanpe, 
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I'iiliirc  9.  I  20°  ^plicriciil  sector  window  with  conic:il  edite  .iml  ri'isncnitcd  sled  inoiinliiii; 
'I'lie  lliickncss  and  splicrieal  radii  of  this  window  arc  identical  to  those  of  fijtiire  8.  the  on 
dilferenee  beiiii;  in  the  shape  of  the  hearinit  surface. 


I'ijliirc  10.  150°  S|>hcric;il  sector  window  with  .s(|u,irc  cdjtciind  :issocf;ilod  .steel  inoiinling 
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Figure  15.  Typical  inslallation  of  window  tcsi  assembly  on  steel  bulkhead.  Room- 
temperature-vulcamzini:  .silicone  rubber  was  used  to  seal  the  window  test  assembly. 
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Figute  16.  Test  jig  for  testing  individual  window  assemblies  inside  pressure  vessels. 
The  screen  was  used  to  catch  window  fragments. 
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Part  B.  Twin  window  test  jig  prior  to  mounting  inside  a 
pressure  vessel,  front  view. 


Part  C.  Twin  window  test  jig  prior  to  mounting  inside  a 
pressure  vessel,  side  view. 

riKurc  1 7.  Continued 
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I'ijiiirc  18.  (!<>iiiparison  belwccn  .sliurt-lcrm  imploMon  prcsMircNor.splicric.il  .sector  wiiulow.s  with  .s(|iiarc  edycs 
aiul  spherical  sector  windows  with  conical  cdjtc.s.  Both  types  have  a  t/R.  =  0.1 59. 


Part  A.  Convex  surface. 


PartB.  Concave  surface. 


Figure  20.  60°  spherical  sector  window  with  .square  edge  after  being  subjected  to  short-term  hydrostatic 
pressure  of  sufficient  magnitude  to  initiate  crack  formation  without  catastrophic  implosion. 


Parts,  Concave  surface. 

Figure  21 .  90°  spherical  sector  window  with  square  edge  after  catastrophic  implosion. 
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rigurc  22.  Horizontal  bearing  surface  on  90°  spherical  sector  window  with  square  edge  after  catastrophic 
implosion.  Note  the  absence  of  circumferential  cracks  in  the  bearing  surface. 


I'igure  23.  Horizontal  bearing  surface  on  1 20'  sphcric:il  sector  window  with  vtii.ire  edge  after  eatastrophu 
implosion.  Note  the  pre.sence  of  a  few  circumferential  cracks  in  the  beariii.e  surface. 


I-igurc  25.  ISO'  ^plicricil  .scclor  wmJow  \vnh  .stpurc  cd^c  al'ier  caiastropliic  implosion. 


Figure  26.  180°  spherical  sector  wirtdow  with  square  edge  after  catastrophic  implosion. 
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Part  B,  Meridional  strains. 


6000 


STRAIN,  M  in/in 


Figure  27.  Continued. 
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Figure  28.  Continued. 


^OSTATIC  PRESSURE,  psi 


STRAIN,  fi  in/in 


Figure  29.  90°  spherical  sector  window  with  square  edge  and  t/Rj  =  0.159  (figure  7) 
under  short-term  hydrostatic  loading. 
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HYDROSTATIC  PRESSURE,  psi 


^OSTATIC  PRESSURE,  psi 


Part  A.  Hoop  strains. 
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PartB.  Meridional  strains. 
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Figure  30.  Contimicii. 


STRAIN,  //.in/in 

Figure  31.  Continued. 
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HYDROSTATIC  PRESSURE,  psi 


0009 


!:itic  loading. 


Part  B.  Meridional  strains. 


J'ipuic  32.  Coiuimicd. 


C  PRESSURE,  psi 


SPHERICAL  SECTOR  ANGLE,  degrees 

Figure  35.  Relationship  of  spherical  angle  to  stram  on  concave  surface  at  apex  of  spherical  sector  windows 
with  square  edges  and  t/Rj  =  0.159  subjected  to  1200-psi  short-term  hydrostatic  loading. 


Part  A.  Hoop  stresses. 


STRESS,  psi 


Figure  36.  30°  spherical  sector  window  with  square  edge  and  t/Rj  =  0.159  during 
short-term  hydrostatic  loading  to  1200  psi. 
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HYDROSTATIC  PRESSURE,  psi 


1200 


Meridional  stresses. 


sector  window  with  square  edge  and  t/R.  =0.159  during  short-term  hydrostat 
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spherical  sector  window  with  square  edge  and  t/Rj  =  0.159  during  short-term  hydrostatic  loading  to  1200  psi. 


Part  A.  Hoop  stresses. 


1200 


STRESS,  psi 


Figuie  39.  120°  spherical  sector  window  with  square  edge  and  t/Rj  =  0.159 
during  short-term  hydrostatic  loading  to  1200  psi. 


HYDROSTATIC  PRESSURE,  psi 


Part  A.  Hoop  stresses  on  concave  surface. 


STRESS,  psi 

Figure  40.  120"  spherical  sector  window  with  conical  edge  and  t/Rj  =  0.159 
during  short-term  hydrostatic  loading  to  1200  psi. 
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HYDROSTATIC  PRESSURE,  psi 


.  Part  B.  Meridional  stresses  on  concave  surface. 


STRESS,  psi 

Figure  40.  Continued. 
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HYDROSTATIC  PRESSURE,  psi 


STRESS,  psi 


Figure  41.  150°  spherical  sector  window  with  square  edge  and  t/Rj  =  0.159 
during  short-term  hydrostatic  ioading  to  1200  psi. 
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Parts.  Close  up  view. 


Fii’ure43.  Radial  scralchci  on  conical  window  scat  of  steel  fUn);c  Tor  120°  spherical  sector  window 
with  conical  edge  after  1 00  pressure  cycles.  Rach  cycle  consisted  of  4  hours  of  sustained  1 200-p,si 
hydrostatic  loading  followed  by  4  hours  oi  rcLi.xation  at  0  psi. 
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Figure  44.  Absence  of  scratches  on  bearing  surfaces  of  square  window 
in  flange  for  1  20"  spherical  sector  window  with  square  edge. 
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Part  B.  Concave  surface. 

Figure  45.  120"  spherical  sector  window  with  square  edge  after  implosion, 
which  occurred  after  800  hours  of  sustained  hydrostatic  loading  at  2500  psi. 
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Part  A.  Concave  surface. 


Part  B.  Convex  surface. 


F  igure  46.  120”'  sphencjl  sector  window  wilFi  comcol  edge  after  800  hours  of  sustained  hsdroslalit  loading 
at  2500  psi.  This  window  was  tested  with  the  one  sFiown  in  figure  45.  Note  the  total  absence  of  cracks. 
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0-RING  SEAL 


RETAINING 

RING 


GASKET  SEAL 


r igurc  47.  Recommended  sealing  arrangements  for  spherical  sector  windows  with  S()U3re  edges. 
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APPENDIX  A.  EXPERIMENTAL  DATA 


Experimental  data  generated  by  electric  resistance  strain  gages  during  the  testing  of 
spherical  sector  test  specimens  are  in  figures  27  through  42.  However,  since  these  data  are 
very  basic  for  understanding  the  structural  response  of  spherical  windows  to  hydrostatic 
loading,  they  are  presented  here  in  numerical  form  (tables  Al,  A2,  and  A3).  The  EPl  column 
shows  hoop  strains.  EP2  column,  meridional  strains,  SIGMA  MAX  column,  hoop  stresses; 
SIGMA  MIN  column,  meridional  stresses;  and  TAU  MAX  column,  maximum  shear  stress. 

Data  from  long-  and  short-term  implosion  tests  on  30°,  60°.  90°,  120°,  150°,  and 
180°  spherical  sectors  with  square  edges  are  in  table  Al.  The  data  from  a  24-hour  test  at 
1200  psi  followed  by  a  24-hour  relaxation  period  at  0  psi  are  at  the  top;  the  strains  recorded 
during  sustained  loading  at  1200  psi  and  a  relaxation  period  at  0  psi  were  taken  at  6-hour 
intervals.  The  short-term  data  recorded  during  pressurization  to  implosion  are  on  the  bottom 
portion.  The  strains  were  recorded  at  approximately  1-minute  intervals.  Since  the  windows 
were  previously  subjected  to  long-term  pressurization,  some  of  the  strain  gages  did  not  return 
to  their  original  zero  prior  to  initiation  of  the  short-term  implosion  tests. 

Data  from  the  24-hour  test  at  1200  psi  on  the  twin  window  assembly  (figure  17)  are 
in  table  A2.  During  sustained  loading  and  relaxation  periods,  the  data  were  recorded  at 
6-hour  intervals.  While  the  twin  window  assembly  was  being  pressurized  or  depressurized, 
the  readings  were  taken  at  1-minute  intervals. 

Data  from  the  4-hour  cyclic  tests  at  1200  psi  on  the  twin' window  assembly  are  in 
table  A3.  The  readings  were  taken  only  every  third  pressure  cycle;  these  numbers  are  shown 
in  the  load  column  as  1201,  1203.  1206  etc.  (the  first  two  digits  of  the  number  should  be 
disregarded).  During  a  typical  pressure  cycle  the  readings  were  taken  (1)  immediately  after 
pressurization,  (2)  after  4  hours  of  sustained  loading  at  1200  psi.  (3)  immediately  after 
depressurization,  and  (4)  after  4  hours  of  relaxation  at  0  psi. 
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Table  A1 .  Data  from  Long-  and  Short-Term  Implosion  Tests  on  30°,  60°,  90°,  120°,  150' 
and  180°  Spherical  Sectors  witli  Square  Edges. 
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STRAIN  RtOUCTlON  OF  A  TWO  CAGE  ROSETTE 


o 

2 


ul 

13 


Z>  X 
•-  X 


ni^i/if^«i04i.ao>«‘orwtii^oci>i/>(\iiu?u^rvMrvo^oovf«» 

a  a  a  a  a«-4«^>4wryw^4^«-«a  a  a  a  a  a  a  a«4m^aD0Dru^ 

aiaaaaaaa  aaita^cw 

a  a 


X  7 

o  •-• 

*-•  X 
CO 


i/icn*4V‘oao9->-4MjAcaao(um»f«)jafu»»(uor^^aamro9‘ni 

aaaaaaaaaaaaaa  aaaaa  ^  ^  ^ 

t  a  a  a 


X  X 

o  < 
•-*  X 

•) 


o  o  ^  aa 
o  ^  m  f*i 
aw  m  w  ea  1/1 A 
a  cu  fw  m  ^ 


mm  ja^ 


1  lA  o  m  ^  rw  -• 

a  a  a-^^>-trufy 


« 

o 


«( 

or 

«o 

7 

O 

•) 

«0 

o 

OL 


f3lA00000tfl0O(/l«/10l/l00000l/llA0|/10O000O0 

4\i  o  o  o  a  o  n<  VI  o  r^  o  ni  o  o  lA  in  o  ca  ia  o  o  ia  ia  o 

«rcv<rv'V'cr«Aaiovo««-40o«a  aajioiAta'Ficrmirm 

a«^AifA:rvi^jiA'.A^iA^mfwa  fUtAA-om^o^a' 

tftaaaaaaataat  iai<-4*i4^rvrv«>« 


OOOOOIAOOOOOOOOOOOOOOOOOOlAOOOO 
W  OOOOfVOOlA«AOOVICAOCOOlAIA«AOOOr^lAOlAO 

m  v>  Ul  aa  oa  ^  Ai  -4  o  A' ^  rv  AC  wrv  fv  <^9^  aa  lA  lA  lA  v  o 
ul  ^rvm^CA^r^aaaaaiaw^umni^a  a  a  arokA^AiJiruinaa 

aaatataaaaaaaaaa  aaa«4^fuf\jf*i 


o 


o  o 
o 

fU 


o  o 
o  o 

9  ^ 


o  o  o  o  o 
o  o  o  o  o 

O  IV  fW  Ul  Al 


o  o  o 
o  o  o 
AF  o  at 


ooooooooooooo 
ooo  ooooo 

«Aa'A/  4AOIAOIA 

•*«  •>«  Ul  ru 


o  o 
o  o 

O  tA 


o  o 
o  o 
o  in 

9  *■ 


aa 


106 


3TPAIN  RtOUCTlON  0^  *  TWO  GAGE  ROSETTE 
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$rnnN  REDUCTION  or  a  two  cage  rosette 
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Table  A2.  Data  from  24-Hour  Test  at  1200  psi  on  Twin  Window  Assembly. 
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Table  A3.  Data  from  4-Hour  Cyclic  Tests  at  1 200  psi  on  Twin  Window  Assembly 
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APPENDIX  B.  DEFINITIONS 


Creep  -  Time-dependent  deformation  of  material  under  sustained  loading  of  constant 
magnitude. 

Cyclic  lOdJmg  -  Pressurizing  the  window  repeatedly  to  specified  pressure  at  a  rate  of  650 
psi/minute.  maintaining  this  pressure  fora  specified  number  of  hours,  depressurizing 
at  650  psi/minute  to  0  psi,  and  allowing  the  window  to  relax  for  a  specified  number  of 
hours  before  repeating  the  procedure. 

Hoop  orientation  of  strains  or  stresses  -  Direction  parallel  to  the  edge  of  the  spherical  sector 
window. 

Long-term  loading  -  Pressi'.rizing  the  window  to  a  specified  pressure  at  a  rate  of  650  psi/ 
minute  and  maintaining  this  pressure  fora  specified  number  of  hours. 

Meridional  orientation  of  strains  or  stresses  -  Direction  at  right  angle  to  hoop  direction. 

Relaxation  -  Time-dependent  restoration  of  material  to  its  original  dimensions  under  absence 
of  external  loading. 

Short-term  critical  pressure  -  Pressure  at  which  catastrophic  failure  of  the  window  occurs 
when  subjected  to  short-tenn  hydrostatic  loading  at  75°F  ambient  temperature. 

Short-term  loading  -  Increasing  the  hydrostatic  pressure  at  a  rate  of  650  psi/minute. 

Strain  -  Unit  deformation,  inch/inch  of  original  length. 
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SUMMARY 


PROBLEM 

Acrylic  plastic  hemispherical  shells  have  been  found  to  be,  from  structural  and  optical 
viewpoints,  ideally  suited  for  incorporation  into  undersea  systems  as  pressure-resistant  win¬ 
dows.  Free  thermal  forming  of  plastic  hemispheres  with  compressed  air  is  an  economical 
fabrication  technique,  but  it  produces  hemispheres  that  (1)  terminate  at  the  equator  with  an 
integral  flange,  and  (2)  have  a  thinner  shell  at  the  apex  than  do  precision-made  shells.  Until 
the  effect  of  these  structural  factors  on  the  short-term  critical  pressure  of  hemispheres  is 
determined,  inexpensive  hemispherical  shells  cannot  be  produced  by  this  fabrication  tech¬ 
nique  for  man-rated  undersea  structures. 

RESULTS 

Experimental  data  generated  by  this  study  show  that  the  addition  of  an  integral  equa¬ 
torial  ring  to  a  hemisphere  of  uniform  thickness  does  not  decrease  its  short-term  critical 
pressure  providing  that  the  ratio  of  its  thickness  to  its  inner  radius  is  less  than  0.2.  For 
thicker  hemispheres  there  appears  to  be  a  significant  decrease  of  short-term  critical  pressure 
when  an  integral  equatorial  ring  is  incorporated  into  the  shell. 

Reduced  w?ll  thickness  at  the  apex  of  free-formed  acrylic  plastic  hemispheres  signif¬ 
icantly  lowers  the  actual  short-term  critical  pressure  of  these  hemispheres  below  the  critical- 
pressure  value  calculated  on  the  basis  of  maximum  wall  thickness.  Their  short-term  critical 
pressure  can  be  predicted  accurately,  however,  if  instead  of  maximum  thickness  their  mean 
thickness  is  used  in  computation. 

RECOMMENDATIONS 

Hemispheres  with  integral  equatorial  flanges  and  walls  of  nonuniform  thickness  can 
be  utilized  as  pressure-resistant  windows  in  undersea  systems  providing  that  the  effects  of 
the  equatorial  flange  and  the  nonuniform  wall  thickness  on  th*  short-term  critical  pressure 
are  t:ken  into  account.  The  results  of  this  report  can  be  applied  without  any  major  modifi- 
catio  ;  •  hemispheres  where  (1 )  the  thickness  of  the  shell  at  the  apex  is  no  less  than  65  per¬ 
cent  ot  the  thickness  of  the  shell  at  the  base,  (2)  the  width  of  the  flange  is  equal  to  its  thick¬ 
ness,  and  (3)  there  is  a  reasonable  radius  at  the  instep  and  no  radius  at  the  heel  of  the  flange. 
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INTRODUCTION 


Acrylic  plastic  has  been  utilized  almost  from  the  very  beginning  of  ocean  exploration 
for  viewports  in  submersibles,  ocean  bottom  habitats,  personnel  transfer  capsules,  decom¬ 
pression  chambers,  and  deep-ocean  simulators.  In  some  cases,  acrylic  plastic  was  even  utilized 
as  a  pressure-resistant  hull  to  achieve  panoramic  visibility  in  manned  submersibles. 

The  shape  of  acrylic  plastic  viewports  can  vary  depending  on  the  operational  pres¬ 
sure  and  visibility  required  of  a  particular  submersible  system.  Typical  shapes  used  are  con¬ 
ical  frustum  (reference  1 ),  fiat  circular  disc  (reference  2),  and  spherical  shell  sector.  This 
latter  shape  is  optimally  suited  to  resist  pressure  loading  because  of  its  double  curvature; 
additionally,  it  gives  the  largest  field  of  vision  for  any  given  viewport  diameter. 

Spherical  shell  sectors  provide  optimal  pressure  resistance  only  when  the  wall  thick¬ 
ness  and  sphericity  of  the  shell  are  uniform  and  no  restraints  are  imposed  on  the  edge  of  the 
shell  when  it  deforms  under  hydrostatic  loading.  Such  spherical  shell  windows  have  been 
fabricated,  tested,  and  described  in  the  literature  (reference  3).  Because  of  their  excellent 
performance,  they  have  already  found  application  as  picture  windows  in  the  bows  of  work 
submersibles  (reference  4). 

Although  spherical  shell  windows  have  been  shown  to  offer  optimal  resistance  to 
hydrostatic  pressure,  the  fairly  high  cost  of  fabricating  such  windows  within  tight  dimen¬ 
sional  tolerances  has  deterred  their  wide  application.  For  this  reason,  techniques  have  been 
investigated  whereby  such  windows  might  be  produced  more  cheaply,  sacrificing  some  struc¬ 
tural  quality  if  necessary.  One  technique  investigated,  free  thermal  forming  using  com¬ 
pressed  air,  permits  fabrication  of  inexpensive  spherical  shell  windows  having  radii  ranging 
from  10  to  100  times  the  shell’s  tliickness.  This  technique  has  been  used  to  produce  several 
large,  hemispherical  shell  windows  for  submersibles  at  some  20  percent  the  cost  of  precision- 
made  shells.  However,  shells  produced  by  this  technique  have  walls  of  varying  thickness  and 
an  equatorial  flange,  two  characteristics  known  from  theoretical  considerations  to  decrease 
the  ultimate  pressure  resistance  of  the  shell.  Until  the  effect  of  these  structural  factors  is 
determined  and  made  available  to  ocean  engineers,  low-cost  acrylic  plastic  hemispherical 
shells  cannot  be  reliably  specified  for  ocean  engineering  systems. 

An  exploratory  study  into  the  effect  of  equatorial  flanges  and  varying  wall  thickness 
has  been  initiated  at  NUC;  the  results  of  this  study  form  the  subject  of  this  paper. 


CONDUCT  OF  STUDY 

The  study  was  conducted  in  two  phases,  experimental  and  analytical.  The  objective 
of  the  experimental  phase  was  to  (1 )  generate  implosion  pressure,  axial  displacement,  and 
strain  data  for  hemispherical  acrylic  shells  with  equatorial  flanges  and  to  (2)  compare  these 
experimental  values  with  data  for  hemispherical  shells  without  flanges.  Some  of  the  flanged 


shells  tested  were  of  constant  thickness,  others  were  thinner  at  the  apex  as  is  typical  of  free- 
formed  shells.  Since  a  considerable  store  of  data  for  flangeless  shells  was  recorded  in  an 
earlier  study  (reference  3)  only  a  few  additional  flangeless  shells  were  tested  to  complement 
the  existing  data. 

The  analytical  phase  of  the  study  utilized  an  elastic  finite-element  computer  program 
that  had  been  previously  successfully  applied  to  acrylic  plastic  structures  (reference  6).  The 
resultant  stress  contours  were  compared  to  the  experimentally  derived  stresses  to  establish 
the  proper  boundary  conditions  for  future  investigations  and  to  provide  insight  into  the  fail¬ 
ure  mechanism. 

EXPERIMENTAL  PROGRAM 

The  experimental  phase  of  the  study  was  conducted  using  40  hemispherical  shells 
with  identical  internal  diameters  of  5.500  inches.  Of  these.  10  were  of  uniform  wall  thick¬ 
ness  and  had  no  equatorial  flanges  (figure  1 15  were  of  uniform  wall  thickness  and  had 
equatorial  flanges  (figure  2).  and  15  were  of  varying  thickness  and  had  equatorial  flanges; 
the  thickness  varied  uniformly  from  a  maximum  at  the  flange  to  a  minimum  at  the  apex 
(figure  3).  The  minimum  thickness  was  65  percent  of  the  shell  thickness  at  the  flange. 

Test  specimens  were  machined  from  cast  Plexiglas  G  plate  and  annealed  after  machin¬ 
ing  (figure  4).  Except  for  a  few  used  in  photography,  they  were  left  unpolished.  The 
mechanical  properties  of  the  Plexiglas  G  plate  met  the  minimum  level  of  properties  estab¬ 
lished  previously  (reference  5)  by  the  authors  as  a  requirement  for  man-rated  acrylic  struc¬ 
tures  (table  1 ). 

Instrumentation  for  all  of  the  acrylic  hemispherical  shells  consisted  of  mechanical 
dial  indicators  with  0.001 -inch  reading  increments  that  measured  the  axial  displacement  of 
the  shell’s  apex.  The  displacement  of  the  shell  was  transmitted  to  the  dial  indicator  by  a 
piano-wire  linkage  bonded  to  the  apex  of  the  shell  with  silicon  RTV. 

On  one  specimen  of  each  thickness  and  type,  electric  resistance  strain  gages  were 
installed  on  the  interior  of  the  shells  (figure  5).  The  three-element  rosette  gages  (Baldwin 
Lima  Hamilton.  FAER-12RB-1 2S6ET)  were  bonded  to  the  inside  shell  surface  with  Eastman 
910  cement  at  the  apex,  at  a  20-degree  elevation  above  the  flange,  and  at  the  flange.  Water 
proofing  (BLH  Gagecote  1 )  and  silicone  RTV  completed  the  installation. 

Test  equipment  consisted  of  internal  pressure  vessels  with  20.000-psi  pressure  capa¬ 
bility.  The  pressure  vessel’s  end  closure  contained  an  opening  through  which  the  interior  of 
the  acrylic  shell  could  be  reached  with  strain  gage  wires  and  the  mechanical  linkage  to  the 
dial  indicator. 

Test  procedure  for  the  hydrostatic  testing  of  acrylic  hemispheres  was  identical  to  the 
one  used  in  previous  test  programs  for  implosion  of  acrylic  hemispheres  under  short-term 
loading  conditions.  The  rigid  steel  bearing  plate  used  to  support  the  hemispheres  (figure  6) 
was  liberally  coated  with  DC-4  silicone  grease  prior  to  placement  of  the  test  specimen.  The 
grease  coating  not  only  decreased  the  friction  between  the  acrylic  and  the  steel  plate  but 
also  acted  as  a  water  seal.  Pressurization  of  the  acrylic  hemisphere  was  accomplished  with 
tap  water  at  70° F  whose  pressure  was  raised  at  a  rate  of  650  psi/minute  until  the  hemisphere 
imploded. 


Figures  arc  grouped  at  the  end  of  each  section 


Table  1 .  Specified^  Properties  for  Acrylic  Plastic  Viewports. 


Property 

Required  Value 

ASTM  Test 

Hardness,  Rockwell 

M90  minimum 

D785-62 

Specific  gravity 

1.19  ±0.01 

D792-66 

Refractive  index 

1.49  ±0.01 

D542-50 

Tensile,  ultimate  strength 
elongation  at  break 
modulus 

9.000  psi,  minimum 

2%  minimum 

400,000  psi  minimum 

D638-68 

Compressive,  yield  strength 
modulus 

15,000  psi,  minimum 

400,000  psi,  minimum 

D695-69 

Flexural,  ultimate  strength 

14.000  psi,  minimum 

D790-70 

Shear,  ultimate  strength 

8,000  psi,  minimum 

D73246 

Compressive  deformation 

1 .0%  maximum  at  4000  psi 
and  122°F  for  24  hrs 

D621-64 

Water  absorption 

0.25%  maximum  in  24  hrs 

D570-63 

Izod,  notched  impact  strength 

0.3  ft.  Ibs/in./in. 

D256-70 

Ultraviolet  light  transmittance 

5%  maximum 

D 1003-61 

aOriginated  by  the  authors  (reference  5)  at  the  U.  S.  Naval  Civil  Engineering 
Laboratory  for  Navy  use  and  subsequently  proposed  for  adoption  by  ASME. 


Data  reduction  for  the  imploded  acrylic  shells  consisted  of  averaging  the  implosion 
pressures  and  displacement  for  groups  of  shells  with  identical  dimensions.  Strains,  which 
were  measured  only  on  a  single  specimen  from  each  group  of  shells,  were  not  averaged  but 
were  converted  into  principal  stresses.  A  modulus  of  elasticity  of  450.000  psi  and  a 
Poisson’s  ratio  of  0.35  were  used  to  convert  strains  into  stresses. 

ANALYTICAL  PROGRAM 

The  Wilson  axisymmetric  shell  finite-element  computer  program  (reference  7)  was 
utilized  to  investigate  the  elastic  stress  patterns  in  a  typical  flanged  hemispherical  window 
of  constant  thickness.  The  purpose  of  the  analysis  was  to  locate  areas  of  high  stress  which 
would  be  indicative  of  the  failure  location  but  miglu  not  have  been  detected  by  the  strain 
gages  and.  secondly,  to  correlate  the  experimentally  derived  stresses  with  the  computer¬ 
generated  detailed  stress  patterns.  Previous  studies  (reference  6)  established  the  suitability 
of  the  Wilson  code  for  elastic  analysis  of  acrylic  plastic  structures. 

Figure  7  shows  the  mesh  used  for  the  0.500-inch-thick  (t/Rj  =  0.182)  spherical  win¬ 
dow.  The  quadrilateral  mesh  elements  were  sized  to  match  the  anticipated  stress  gradients. 
High-stress  gradients  were  expected  at  the  flange-to-dome  junction  and.  therefore,  the  mesh 
elements  were  reduced  in  size  and  increased  in  number  in  this  region. 


The  actual  boundary  condition  at  the  flange  bearing  surface  was  not  modeled 
directly  but  rather  bracketed  by  two  extreme  conditions.  In  one  case,  the  boundary  was 
rigidly  fixed;  in  the  other  case,  it  was  free  to  move  in  the  radial  direction.  Although  the 
actual  restraint  to  radial  movement  due  to  friction  lies  somewhere  between  these  extremes, 
this  approach  was  judged  to  be  adequate. 


thickness  of  shell  specimens  (inches) 


Uitncnsionsul'Slicll  Specimens  of  Constanl  Thickness  Williniil 


0.062  0.125  0.250  0.500  0.750 


:e  3.  Dimensions  of  Shell  Specimens  of  Variable  Thickness  with  Equatorial 
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I  iputc  -1.  Typiv-il  Slio\l  Specimens  Machined  Itom  Acrylic  PKiMic  Plale:  (A)  lop  view.  (11)  bottom  view. 
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I'ipiirc4.  (Contimicd) 
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I'igiirc  5.  Insliilliilion  ofSiraiii  Gages  on  the  Interior  Snrrnee  of  the  Shell  Specimen; 
(A)  overall  view.  (11)  close  np. 


EXPERIMENTAL  RESULTS 


SHORT-TERM  IMPLOSIONS 

Implosion  pressures  recorded  (table  2)  during  short-term  pressurization  of  hemispher¬ 
ical  shells  were  fairly  reproducible  for  specimens  of  the  same  configuration  and  nominal  t/R, 
ratio.  The  spread  of  implosion  pressures  for  any  ^ven  configuration  and  t/R,  ratio  was  gen¬ 
erally  less  than  10  percent  of  the  average  pressure.  The  average  collapse  pressures  for  the 
specimens  are  plotted  against  the  actual  t/Rj  in  figure  8. 

For  shells  of  constant  thickness  there  appeared  to  be  no  significant  difference 
between  implosion  pressures  of  shells  with  flanges  and  those  without  them  providing  that 
t/Rj  <  0.200.  For  shells  with  t/Rj  >  0.200,  the  implosion  pressures  of  shells  with  flanges 
appeared  to  be  lower  than  for  shells  without  flanges. 

For  shells  of  variable  thickness  with  flanges,  the  implosion  pressures  were  always 
lower  than  that  of  flanged  shells  with  constant  thickness,  providing  that  the  comparison  was 
made  at  the  same  nominal  t/R,  ratio,  where  t  =  thickness  at  the  flange.  However,  if  the  full 
range  of  t/R,,  which  varied  from  a  minimum  at  the  shell  apex  to  a  maximum  at  the  flange, 
was  used  in  the  comparison,  the  data  for  variable-thickness  flanged  shells  intersects  the  curve 
for  the  constant-thickness  windows.  Two  inferences  can  be  drawn  from  this  observation; 
namely,  that  implosion  pressure  for  variable-thickness  windows  can  be  predicted  using  the 
mean  t/R,  ratio  for  that  shell  and,  secondly,  that  failure  probably  originates  at  about  a  45- 
degree  elevation  from  the  flange  for  these  shells  (where  the  mean  thickness  of  the  shell  is 
located). 


Table  2.  Implosion  Pressures. 


Nominal  values 

Mean  values^ 

Implosion  pressures 

Window  type 

Thickness 

inches 

t/Dj 

t/Ri 

Thickness 

inches 

t/Rj 

Min. 

psi 

Ave. 

psi 

Max. 

psi 

No  flange 
constant  thickness 

0.062 

0.011 

0.022 

NA 

NA 

180 

203 

237 

With  flange 
constant  thickness 

0.062 

0,011 

0.022 

NA 

NA 

200 

227 

250 

With  flange 
variable  thickness 

0.062 

0.011 

0.022 

0.051 

0.018 

103 

106 

no 

No  flange 
constant  thickness 

0.125 

0.023 

0.046 

NA 

NA 

920 

995 

1040 

With  flange 
constant  thickness 

0.125 

0.023 

0.046 

NA 

NA 

946 

992 

1085 

aThickness  at  45-degree  elevation. 


Table  2.  (Continued) 


Nominal  values 

Mean  values^ 

Implosion  pressures 

Thickness 

t/Dj 

t/Ri 

Thickness 

t/Ri 

Min. 

Ave. 

Max. 

Window  type 

inches 

inches 

psi 

psi 

psi 

With  flange 
variable  thickness 

0.125 

0.023 

0.046 

0.103 

0.037 

750 

775 

No  flange 
constant  thickness 

0.250 

0.046 

0.091 

NA 

NA 

2800t> 

2996b 

3160b 

With  flange 
constant  thickness 

0.250 

0.046 

0.091 

NA 

NA 

3150 

3280 

With  flange 
variable  thickness 

0.250 

0.046 

0.091 

0.206 

0.075 

2860 

3007 

No  flange 
constant  thickness 

0.500 

0.091 

0.182 

NA 

NA 

7000b 

7322b 

7550b 

With  flange 
constant  thickness 

0.500 

0.091 

0.182 

NA 

NA 

7500 

7713 

With  flange 
variable  thickness 

0.500 

0.091 

0.182 

0.412 

0.149 

5700 

5900 

No  flange 
constant  thickness 

0.750 

0.137 

0.273 

NA 

NA 

11750b 

11970b 

With  flange 
constant  thickness 

0.750 

0.137 

0.273 

NA 

NA 

9470 

9735 

10990 

With  flange 
variable  thickness 

0.750 

0.137 

0.273 

0.618 

0.225 

9100 

9400 

^Thickness  at  45-degree  elevation.  bExperimental  values  taken  from  -.eference  3, 


AXIAL  DISPLACEMENT 

Axial  displacements  measured  for  shells  of  co  mt  thickness  were  not  significantly 
influenced  by  the  presence  of  flanges  (figure  9)  provi(j..ig  that  the  comparison  between 
flanged  and  flangeless  shells  was  always  made  between  shells  of  the  same  nominal  t/Rj  ratio 
loaded  to  only  approximately  50  percent  of  their  short-term  critical  pressure. 

Shells  of  variable  thickness  with  flanges  exhibited  significantly  higher  axial  displace¬ 
ments  for  a  given  nominal  t/Rj  ratio  than  did  flanged  shells  of  constant  thickness  subjected 
to  approximately  50  percent  of  their  short-term  critical  pressure. 

Table  3  summarizes  the  displacements  measured  for  flanged  and  flangeless  shells. 
Displacement  measured  for  individual  shell  specimen  are  presented  in  the  appendix. 
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Table  3.  Axial  Displacements. 


Nominal  thickness^ 

Displacement,  inches^ 

Pressure, 

psi 

Window  type 

Inches 

t/Dj 

t/Rj 

Min. 

Ave. 

Max. 

No  flange 
constant  thickness 

0.062 

0.011 

0.022 

0.001 

0.002 

0.003 

100 

With  flange 
constant  thickness 

0.062 

0.011 

0.022 

0.003 

0.004 

0.006 

100 

With  flange 
varying  thickness 

0.062 

0.011 

0.022 

0.004 

0.006 

0.009 

100 

No  flange 
constant  thickness 

0.125 

0.023 

0.046 

0.018 

0.024 

0.030 

500 

With  flange 
constant  thickness 

0.125 

0.023 

0.046 

0.014 

0.018 

0.022 

500 

With  flange 
varying  thickness 

0.125 

0.023 

0.046 

0.024 

0.027 

0.031 

500 

No  flange 
constant  thickness 

0.250 

0.046 

0.091 

0.022C 

0.036C 

0.05 1C 

1500 

With  flange 
constant  thickness 

0.250 

0.046 

0.091 

0.031 

0.033 

0.034 

1500 

With  flange 
varying  thickness 

0.250 

0.046 

0.091 

0.040 

0.043 

0.050 

1500 

No  flange 
constant  thickness 

0.500 

0.091 

0.182 

0.041  c 

0.06  ic 

0.080C 

3500 

With  flange 
constant  thickness 

0.500 

0.091 

0.182 

0.046 

0.056 

0.066 

3500 

With  flange 
varying  thickness 

0.500 

0.091 

0.182 

0.066 

0.074 

0.084 

3500 

No  flange 
constant  thickness 

0.750 

0.137 

0.273 

i 

0.055C 

0.074C 

0.080C 

5000 

With  flange 
constant  thickness 

0.750 

0.137 

0.273 

0.065 

0.074 

i 

0.091 

5000 

With  flange 
varying  thickness 

0.750 

0.137 

0.273 

0.079 

0.085 

0.091 

5000 

^Thickness  of  shell  at  the  flange. 

^Radial  displacement  of  the  apex. 
^Experimental  values  taken  from  reference  3. 


FAILURE  MODES 


Modes  of  failure  for  flanged  shells  varied  with  the  nominal  t/Rj  ratio.  Very  thin 
shells  (t/Rj  =  0.022)  failed  by  local  elastic  instability  centered  at  approximately  1 5  to  20 
degrees  of  elevation  from  the  flange.  The  local  instability  failure  was  characterized  (figure 
10)  by  a  nearly  circular  fracture  that  intersected  the  flange.  No  shear  cracks  were  observed 
at  the  reentrant  corner  (instep)  of  the  equatorial  flange.  This  type  of  failure  was  very  repro¬ 
ducible  from  one  shell  to  another. 

Thin  shells  (t/Rj  =  0.046)  failed  by  local  elastic  instability  centered  at  about  45 
degrees  of  elevation.  The  failure  pattern  (figure  1 1)  was  somewhat  irregular  but  reproduced 
well  from  one  shell  to  another.  No  cracks  were  observed  at  the  instep  of  the  equatorial 
flange. 

Medium  thick  (0.091  <  t/Rj  <  0.182)  shells  failed  by  plastic  instability  originating 
near  the  apex  of  the  shell.  The  fracture  pattern  (right  hand  side  of  figure  1 2)  was  character¬ 
ized  by  “orange  peel”  fragments  originating  at  the  apex.  Circumferential  shear  cracks  were 
observed  at  the  instep  of  the  flange  propagating  toward  the  flange-bearing  surface.  In  one 
case,  the  flange  sheared  completely  from  the  hemisphere  prior  to  implosion  (left  hand  side 
of  figure  12). 

Thick  (t/Rj  >  0.273)  shells  failed  by  total  plastic  instability.  The  fracture  pattern 
was  quite  irregular  due  to  the  fragmentation  of  the  shell  into  very  minute  shards  (figure  13). 
The  circumferential  crack  at  the  instep  of  the  flange  produced  complete  separation  of  the 
flange  from  the  shell  in  each  test  specimen. 

The  debris  from  many  of  the  medium-thick  and  from  all  of  the  thick  windows  con¬ 
tained  large  segments  of  the  flange.  In  one  test,  the  pressurization  of  the  thick  shell  was 
terminated  after  the  flange  sheared  off.  Upon  inspection  of  the  shell,  the  fragmented  flange 
was  the  only  visible  indication  of  failure.  These  large  flange  segments  suggest  that  the  flange 
breaks  away  prior  to  plastic  instability  of  the  thick  dome.  The  loss  of  the  flange  may  then 
trigger  plastic  collapse  of  the  dome. 

STRAINS  AND  STRESSES 

Experimentally  measured  strains  and  the  derived  stresses  on  shells  varied  from  loca¬ 
tion  to  location  on  a  single  shell  and  from  one  shell  to  another  depending  on  its  nominal 
t/R,  ratio  and  whether  it  was  of  constant  or  varying  thickness.  A  complete  discussion  of  the 
experimental  strains  and  stresses  measured  on  shells  of  constant  and  varying  thickness  would 
make  the  main  body  of  the  report  too  long  and  therefore  has  been  delegated  to  the  appendix. 
However,  since  a  finite-element  analysis  of  a  moderately  thick  flanged  shell  of  constant  thick¬ 
ness  is  used  as  an  example  in  the  main  body  of  the  report,  the  experimental  data  for  that 
shell  thickness  has  been  included  for  comparison  (figure  14). 

Plotted  data  indicate  that  the  stresses  in  a  moderately  thick  flanged  shell  of  constant 
thickness  increa.sed  almost  linearly  with  pressure  and.  with  the  exception  of  the  meridional 
stress  at  the  flange,  were  of  about  the  same  value.  At  approximately  50  percent  if  implosion 
pressure  some  of  the  strain  gages  failed  because  of  the  ver>  high  strains  associated  with  the.se 
stresses,  but  gages  which  were  on  other  flanged  shells  of  similar  thickness  continued  to  func¬ 
tion  and  recorded  a  nonlinear  increase  in  strain  as  the  specimen  neared  implosion.  Figure  1 5 
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AVERAGE  COLLAPSE  PRESSURE  (psi) 
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AVERAGE  DISPLACEMENT  (inches) 


I'i(:iire  1 0.  Imploded  I'ianped  and  f-langcicss  Shells  of  ConslanI  Thickness:  l/Rj  =  0.022.  Note  the 
regiilniity  of  llic  local  failure  pattern  and  the  location  of  its  center  at  20  degrees  of  elevation. 


Figure  1 3.  imploded  Flanged  Shell  of  Constani  Thickness;  i/Rj  =  0.273.  Note  that  the 
failure  is  general  rather  than  local.  The  fragments  from  this  thick  shell  have  been  found 
to  be  smaller  than  fragments  from  thinner  shells. 
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ANALYTICAL  RESULTS 


An  elastic  finite-element  computer  analysis  of  a  moderately  thick  shell  (t/Rj  =  0.182) 
was  conducted  for  two  different  flange  boundary  conditions.  In  one  case,  the  flange-bearing 
surface  was  free  to  move  in  the  radial  direction;  in  the  other,  it  was  restrained.  The  com¬ 
puter  produced  contours  of  principal  stresses,  effective  stress  and  effective  strain. 

The  principal  stresses  were  primarily  utilized  in  the  comparison  of  analytical  and 
experimental  data.  The  effective  stress,  which  is  an  overall  measure  of  stress  at  a  point  and 
is  useful  for  the  prediction  of  initial  yielding,  is  defined  as 


^effective  ^m  j  ^  (®m  ®r)  ”  ^®r  ”  ®  c j  ”  ’ 

where  o^.'  are  the  circumferential,  meridional,  and  radial  principal  stresses,  respec¬ 

tively.  Effective  strain  combines  the  principal  strains  according  to  the  formula 


^effective  ~  [^m  ^r  j  (^r“^c)' 


and  has  been  suggested  as  an  indicator  of  plastic  collapse  in  acrylic  structures.  Although  no 
attempt  was  made  to  extend  the  elastic  analyses  to  the  inelastic  regime  and  thereby  predict 
the  implosion  pressure  of  the  shell,  the  effective  strain  plots  give  an  indication  as  to  the 
probable  origin  of  the  failure. 


PRINCIPAL  STRESSES 


The  meridional  and  circumferential  stress  contours  (figures  16-19)  indicate  that  the 
stresses  at  the  shell  apex  are  basically  the  same  for  both  boundary  conditions.  However,  as 
the  shell  is  traversed  from  apex  to  flange,  the  boundary  conditions  have  an  effect  on  the 
principal  stresses.  Both  the  meridional  and  circumferential  stresses  in  the  unrestrained  shell 
(figures  16  and  17)  are  fairly  uniform  and  numerically  equivalent,  whereas  the  stresses  in  the 
restrained  shell  (figures  18  and  19)  differ  noticeably  from  each  other  and  tend  to  diverge 
froiT>  the  unrestrained  case.  The  circumferential  stresses  decrease  and  the  meridional  stresses 
increase  as  the  restrained  flange  is  approached.  Figure  20,  whiclT  presents  only  the  inside 
surface  stresses,  illustrates  this  divergence  clearly. 

One  of  the  uses  for  stress  contour  plots  is  to  locate  stress  concentrations.  The  stress 
concentration  in  the  unrestrained  shell  is  slight  (15-20  percent  greater  than  the  nominal 
apex  stress)  and  is  located  at  the  reentrant  corner  (instep)  of  the  flange,  whereas  the 
restrained  case  produces  a  minor  stress  concentration  of  about  a  70-percent  increase  at  the 
inside  corner  (heel)  of  the  flange.  Neither  concentration  is  judged  serious  enough  to  degrade 
shell  performance. 

The  difference  in  the  principal  stresses  for  the  two  boundary  conditions  is  readily 
explained  by  an  examination  of  the  physical  processes  involved.  The  freely  moving  shell 
acts  much  like  a  flangeless  hemisphere  and  therefore  the  stresses  are  uniform  and  nearly 
equal.  Cnly  the  meridional  stress,  which  becomes  the  bearing  stress  at  the  flange,  differs 


.roni  ideal;  this  is  due  to  the  large  available  bearing  suiface  at  the  flange,  which  tends  to 
lower  the  stress.  Restraint  of  the  flange  changes  the  shell  behavior  markedly,  the  shell  tends 
to  act  as  two  separate  segments,  the  dome  and  the  flange.  The  dome  moves,  but  the  flange 
is  restrained  and  cannot.  Therefore,  the  circumferential  stress,  which  is  generated  by  the 
radial  movement  of  the  shell,  decreases  as  the  restrained  flange  is  approached.  The  relative 
movement  between  the  dome  and  the  flange  tends  to  offset  the  dome  and  flange  center 
lines,  which  introduces  a  bending  effect  and  increases  the  meridional  stress.  A  final  observa¬ 
tion  is  that  the  stresses  for  both  cases  are  in  agreement  within  30  degrees  of  the  apex  and 
therefore  the  effect  of  the  boundary  condition  restraint  is  limited  to  less  than  a  60-degree 
elevation  from  the  flange. 

The  experimental  data  has  been  plotted  in  figure  20  to  allow  a  visual  comparison 
between  the  experimental  and  calculated  interior  surface  stress  values.  The  agreement  of 
the  experimental  stresses  with  the  free  boundary  condition  stresses  is  generally  quite  good 
with  the  exception  of  the  meridional  stress  20  degrees  from  the  flange.  The  agreement  with 
the  fixed  boundary  condition  is  poor  except  at  the  apex;  therefore,  it  is  concluded  that  a 
free  boundary  condition  better  describes  the  structural  behavior  of  a  flanged,  hemispherical 
acrylic  shell  of  medium  thickness  lubricated  with  silicone  grease  at  the  bearing  surface  than 
does  the  fixed  boundary  condition. 

EFFECTIVE  STRESS 

The  plots  of  effective  stress  (figures  21  and  22)  support  the  postulates  that  the  un¬ 
restrained  shell  acts  like  a  flangeless  hemisphere  and  the  restrained  shell  behaves  as  two 
separate  structures,  a  hemispherical  shell  and  a  restrained  ring.  The  effective  stress,  which  is 
used  to  predict  initial  yielding,  indicates  that  a  large  portion  of  the  unrestrained  shell  yields 
at  the  same  hydrostatic  pressure,  whereas  the  restrained  shell  yields  first  at  the  heel  of  the 
fl'inge.  The  pressure  at  which  initial  yielding  of  the  restrained  shell  occurs  is  about  25  per¬ 
cent  lower  tlian  the  pressure  at  which  yielding  begins  in  a  moderately  thick  shell  that  is 
permitted  to  move  freely  in  the  radial  direction. 

EFFECTIVE  STRAIN 

The  differences  between  the  two  cases  largely  disappear  when  one  plots  only  effec¬ 
tive  strains  (figures  23  and  24).  Not  only  do  the  strain  contours  agree  in  location  but  they 
also  agree  in  value.  These  plots  suggest  that  a  strain-dependent  tailure  is  probable  at  45 
degrees  of  elevation  in  a  moderately  thick  shell. 
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Figure  19.  Circumferential  Stresses  in  a  Flanged  Shell  of  Constant  Thickness 
With  Restrained  Boundary  Conditions;  t/Rj  =  0.182. 
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Figure  21.  Effective  Stresses  in  a  Flanged  Shell  of  Constari^Thickncss 
With  Free-Sliding  Boundary  Condition:  t/Rj  =  0.182. 
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Figure  22.  Effcciivc  Stresses  in  a  Flanged  Shell  of  Constant  Thickness 
With  Restrained  Boundary  Condition;  t/R:  =  0.182. 
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Figure  23.  Effcciive  Strains  in  a  Flanged  Shell  of  Constant  Thickness 
With  Free-Sliding  Boundary  Condition;  t/Rj  =  0.182. 


CONCLUSIONS 


1 .  Under  short-term  hydrostatic  loading,  the  implosion  pressure  of  hemispherical 
shells  of  uniform  thickness  with  an  equatorial  flange  (whose  width  and  thickness  are  equal 
to  shell  thickness)  did  not  differ  significantly  from  that  of  similar  hemispherical  shells  with¬ 
out  an  equatorial  flange  unless  the  t/Rj  ratio  was  greater  than  0.200.  For  shells  with 

t/Rj  >  0.200.  the  flange  appears  to  reduce  the  collapse  pressure  by  about  10  percent. 

2.  The  short-term  collapse  pressure  of  hemispherical  shells  of  variab'e  thickness 
(maximum  variation  of  35  percent)  can  be  fairly  well  predicted  from  data  for  windows  of 
constant  thickness  if  the  mean  thickness  of  the  shell  is  used  rather  than  the  nominal  t/Rj 
ratio  at  the  flange. 

3.  Apex  displacements  for  shells  of  constant  thickness  loaded  to  50  percent  of  the 
collapse  pressure  are  independent  of  the  presence  of  an  equatorial  flange.  Th.e  apex  dis¬ 
placements  of  shells  of  variable  thickness  are  approximately  35  to  45  percent  greater  than 
the  apex  displacement  of  constant  thickness  shells. 

4.  Stresses  were  linear  to  at  least  50  percent  of  collapse  pressure  for  all  shells. 

5.  The  finite-element  computer  model  that  allowed  the  flange  to  move  freely  in  the 
rad\il  direction  produced  stresses  that  agreed  reasonably  well  with  the  experimentally 
derived  stresses  and  also  gave  insight  into  the  mode  of  shell  failure. 


RECOMMENDATIONS 

1 .  In  the  prediction  of  critical  pressures  for  hemispherical  shells  of  nonuniform 
thickness,  it  is  conservative  to  use  the  minimum  thickness  found  at  the  apex  of  th*’  shell 
rather  than  its  mean  thickness  because  the  variation  in  shell  thickness  may  be  more  than  the 
35  percent  typical  for  the  experimental  data  described  in  this  report. 

2.  Equatorial  flanges  can  be  incorporated  (reference  9)  into  the  hemispherical  shell 
for  ease  of  mounting  providing  that  (a)  the  instep  has  a  reasonable  radius,  (b)  the  heel  is 
square,  (c)  the  width  and  thickness  of  the  flange  are  equal  to  the  nominal  shell  thickness. 

(d)  the  top  surface  of  the  flange  is  the  equatorial  plane  of  the  hemisphere,  and  (e)  the  t/Rj 
ratio  of  the  hemisphere  is  less  than  0.2. 


38 


REFERENCES 


1 .  J.  D.  Stachiw.  Critical  Pressure  of  Conical  Acrylic  Windows  Under  Short  Term  Hydro¬ 
static  Loading-  ASME  Transactions;  Journal  of  Engineering  for  Industiy.  Volume  89. 
No.  3,  1967.  .Also  published  as  Technical  Report  R-512  by  the  U.  S.  Naval  Civil  Engi¬ 
neering  Laboratory',  Port  Hueneme.  California.  1967. 

2.  J.  D.  Stachiw.  Critical  Pressure  of  Flat  .Acrylic  Windows  Under  Short  Term  Hydro¬ 
static  Loading.  ASME  Paper  No.  67-WA/Unt-l.  1967.  Also  published  as  Technical 
Report  R-512  by  the  U.  S.  Naval  Civil  Engineering  Laboratory,  Port  Hueneme. 
California.  1967. 

3.  J.  D.  Stachiw.  Critical  Pressure  of  Spherical  Shell  Acrv'lic  Windows  Under  Short  Term 
Pressure  Loading.  .ASME  Transactions;  Journal  of  Engineering  for  Industry.  Volume 
91 .  No.  3.  1%9.  Also  published  as  Technical  Report  R-631  by  the  U.  S.  Naval  Civil 
Engineering  Laboratory.  Port  Hueneme.  California,  1 967. 

4.  C.  Wriglu.  Development  of  a  Large  Spherical  Acry'Iic  Viewport  For  the  PC8B  Sub¬ 
marine.  AS.ME  Paper  No.  71-WA/Unt-4.  1971. 

5.  J.  D.  Stachiw  and  K.  O.  Gray.  Procurement  of  Safe  Viewports  for  Hyperbaric 
Chambers.  ASME  Transactions;  Journal  of  Engineering  for  Industry’,  V'olume  93. 

No.  4,  1971. 

6.  J.  R.  Maison  and  J.  D.  Stachiw.  Acrylic  Pressure  Hull  for  Johnson  Sea-Link  Sub¬ 
mersible.  ASME  Paper  No.  7 1  -W.A/Unt-6,  1971. 

7.  E.  L.  Wilson.  Structural  Analy.sis  of  Axisymmctric  Solids.  American  Institute  of 
Aeronautics  and  Astronautics.  Journal.  Vol.  3,  No.  1 2.  December  1965. 

8.  J.  D.  Stachiw.  Spherical  Acrylic  Pressure  HuKs  for  Undersea  E-xploration.  ASME 
Transactions:  Journal  of  Engineering  for  Industry.  Vol.  93.  No.  2. 1971. 

9.  J.  D.  Stachiw.  Acrylic  Hemispheres  for  NUC  Undersea  Elevator.  ASME  Paper  No. 
72-W.A.Oct-4.  1972.  .Also  published  as  NUC  Technical  Report  315.  Acrylic  Plastic 
Hemispherical  Shells  for  NUC  Undersea  Elevator,  by  the  Naval  Undersea  Center. 

San  Diego.  California.  September  1972. 


39 


APPENDIX.  RESULTS  OF  HYDROSTATIC  TESTS 


This  appendix  presents  axial  displacements  as  well  as  strains  and  stresses  recorded 
during  hydrostatic  testing  of  windows  to  implosion. 

EXPERIMENTAL  DISPLACEMENTS 

Displacements  measured  for  flanged  shells  of  constant  and  varying  thickness  are 
plotted  versus  pressure  in  figures  A.1-A.4.  Tables  A.l-A.l  2  follow  and  present  displacements 
measured  for  individual  specimens  of  flanged  shells  of  constant  and  varying  thickness  and 
for  flangeless  shells  of  constant  thickness. 


0.060 


^  0.040 


LU 

U 

< 


Ol 

CO 


0.020 


42 


DISPLACEMENT,  inches 


windf 


Table  A.l .  Displacement  of  Apex  'leasured  on  a  Flanged  Hemisphere  of  Constant  Thickness 
{#  3)  Under  Short-Tern  Hydrostatic  Loading.  Nominal  t/Rj  =  0.023;  Actual 
thickness  of  flange  =  0.062  in.,  of  apex  =  0.069  in.;  Temperature  =  65° F; 
Pressurization  rate  =  82  psi/minute. 


Pressure  (psi) 

0 

10 

20 

30 

1  40 

50 

Displacement  (inches) 

0.00 

0.00 

0.010 

0.010 

0.020 

0.020 

Pressure  (psi) 

60 

70 

SO 

90 

100 

no 

Displacement  (inches) 

0.003 

0.003 

0.004 

0.004 

0.005 

0.005 

Pressure  (psi) 

120 

130 

140 

150 

160 

170 

Displacement  (inches) 

0.006 

0.007 

0.009 

0.009 

O.Oi  1 

0.013 

Pressure  (psi) 

200 

220 

250 

Displacement  (inches) 

0.014 

0.017 

0.02  i 

Table  A.2.  Displa:ement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Constant  Thickness 
(#  5)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.046;  Actual 
Thickness  of  flange  =  0.1 16  in.,  of  apex  =  O.l  13  in.;  Temperature  =  60°F; 
Pressurization  rate  =  100  psi/minute. 


Pressure  (psi) 

0 

50 

100 

150 

200 

250 

Displacement  (inches) 

0.000 

0.000 

0.002 

0.003 

0.005 

0.007 

Pressure  (psi) 

300 

350 

400 

450 

500 

550 

Displacement  (inches) 

0.012 

0.013 

0.016 

0.019 

0.022 

0.025 

Pressure  (psi) 

600 

650 

700 

750 

800 

850 

Displacement  (inches) 

0.028 

0.030 

0.033 

0.035 

0.038 

0.042 

Pressure  (psi) 

900 

950 

955 

Displacement  (inches) 

0.045 

0.049 

0.052 

50 


Table  A.3.  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Constant  Thick 
ness  (#  8)  Under  Short-Term  Hydrostatic  Loading.  Nomina!  t/Rj  =  0.091 : 
Actual  thickness  of  flange  =  0.249  in.,  apex  =  0.256  in.:  Temperature  =  62°F 
Pressurization  rate  =  100  psi/minute. 


Pressure  (psi) 


Displacement  (inches) 
Pressure  (psi) 


Displacement  (inches) 
Pressure  (psi) 


Displacement  (inches) 
Pressure  (psi) 


Displacement  (inches) 
Pre:;Sure  (psi) 


Displacement  (inches) 
Pressure  (psi) 


1  0.000 

0.000  1 

500 

600 

0.012 

0.013 

1100 

1200 

0.020 

0.027 

1700 

1800  1 

0.042 

2300 

0.060 

0.067  1 

2900 

3000 

0.106 

0.125 

300 


0.006 

900 


0.083  0.092 


Table  A.4.  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Constant  Thick 
ness  (#11)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.182: 
/Actual  thickness  of  flange  =  0.503  in.,  of  apex  =  0.505  in.:  Temperature  = 
56“F:  Pressurization  rate  =  500  psi/minute. 


Pressure  (psi) 


Displacement  (inches) 
Pressure  (psi) 


Displacement  (inches) 
Pressure  (psi) 


Displacement  (inches) 
Pressure  (psi) 


0 


0.000 

1500 


I  250  I  500 


0.008 


0.058  1  0.063  I  0.066  |  0.072  |  0.075  j 
4500  I  4750  I  5000  |  5250 


Displacement  (inches) 


Table  A.5.  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Constant  Thick¬ 
ness  (#15)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.273: 
Actual  thickness  of  flange  =  0.752  in.,  of  apex  =  0.750  in.;  Temperature  = 
65‘’F:  Pressurization  rate  =  500  psi/minutc. 


Pressure  (psi) 

0 

500 

1000 

1500 

2000 

2500 

Displacement  (inches) 

0.000 

0.010 

0.031 

0.057 

Pressure  (psi) 

3000 

3500 

5000 

5500 

Displacement  (inches) 

0.043 

0.049 

0.055 

0.062 

Pressure  (psi) 

6000 

6500 

7000 

7500 

Displacement  (inches) 

0.083 

0.091 

0.099 

0.108 

0.118 

0.129 

Pressure  (psi) 

9000 

9500 

10-000 

10.400 

10.600 

10.800 

Displacement  (inches) 

0.142 

0.157 

0.175 

0.194 

0.194 

0.205 

Pressure  (psi) 

10.990 

Displacement  (inches) 

0.221  1 

Table  .4.6.  Displacement  of  Apex  Measured  on  a  Flangeless  Hemisphere  of  Constant  Thuk* 
ness  (#18)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.023: 
Actual  thickness  of  equator  =  0.059  in.,  of  apex  =  0.063  in.:  Temperature  = 

64°  F:  Pressurization  rate  =  90  psi/minute. 


Pressure 

0  1 

10 

20 

30 

40 

1  50 

Displacement  (inches) 

0.000 

0.00 

0.00 

0.00 

0.00 

1  0.00 

Pressure  (psi)  | 

1  60 

70 

SO 

90  1 

1  1 

1  no 

Displacement  (inches)  | 

1  0.00 

0.001 

0.002 

0.003 

0.003  1  0.003 

Pressure  (psi)  | 

120  1 

130 

140 

150 

1  1 

I  170 

Displacement  (inches)  j 

0.004 

0.005 

0.006 

0.007 

1  0.009  1  0.010 

Pressure  (psi) 

180  1 

1  185 

190  j  200 

205  ] 

208 

Displacement  (inches) 

0.01 1  { 

1  0.014 

0.016  1  0.018 

0.020 

0.021 

Pressure  (psi) 

210 

215 

I  220 

1 

1  230  1 

235 

Displacement  (inches) 

0.023 

0.024 

1  0.025 

0.028 

Pressure  (psi) 

236  1 

237 

nn 

Displacement  (inches) 

0.029 

0.031 

Table  A.7.  Displacement  on  Apex  Measured  .on  a  Flangeless  Kemisphere  of  Constant  Thick 
ness  (#22)  Under  Short-Term  drostatic  Loading.  Nominal  t/Rj  =  0.046; 
Actual  thickness  of  equator  =  0.126  in.,  of  apex  =  0.129  in.;  Temperature  = 
0.68°  F,  Pressurization  rate  =  1 00  psi/minute. 


Pressure  (psi) 

0 

50 

100 

150 

200 

250 

Displacement  (inches) 

O.OGO 

0.004 

0.007 

0.009 

0.011 

0.013 

Pressure  (psi) 

300 

350 

400 

450 

500 

Displacement  (inches) 

0.018 

0.021 

0.023 

0.024 

0.026 

Pressure  (psi) 

600 

700  1 

800  1 

900  j 

950 

Displacement  (inches) 

0.032 

0.038 

0.043  1 

0.048 

0.053 

0.059 

Table  A. 8.  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Variable  Thick¬ 
ness  (#28)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.023; 
Actual  thickness  of  flange  =  0.063  in.,  of  apex  =  0.050  in.;  Temperature  = 

68°  F;  Pressurization  rate  =  100  psi/minute. 


Pressure  (psi) 

0 

10 

20 

30 

40 

50 

Displacement  (inches) 

0.000 

0.000 

0.000 

0.002 

0.003 

Pressure  (psi) 

60 

70 

80 

90 

100 

103 

Displacement  (inches) 

0.005 

0.006 

0.008 

0.008 

0.009 

0.010 

Table  A.9.  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Variable  Thick 
ness  (#31)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.046; 
Actual  thickness  of  flange  =  0.125  in.,  of  apex  =  0.092  in.;  Temperature  = 
68°  F;  Pressurization  rate  =  100  psi/minute. 


Pressure  (psi) 

0 

50 

100 

150 

200 

250 

Displacement  (inches) 

0.000 

0.001 

0.001 

0.003 

0.007 

0.012 

Pressure  (psi) 

300 

350 

400 

450 

500 

1  550 

Displacement  (inches) 

0.014 

0.017 

0.017 

0.023 

0.027 

Pressure  (psi) 

600 

650 

1  700 

750 

800 

Displacement  (inches) 

0.035 

0.039 

0.041 

Table  A.  10.  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Variable  Thick¬ 
ness  (#33)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.091 ; 
Actual  thickness  of  flange  =  0.253  in.,  of  apex  =  0.193  in.;  Temperature  = 

62°  F;  P.ressurization  rate  =  500  psi/minute. 


Pressure  (psi) 

0 

50 

150 

250 

350 

450 

Displacement  (inches) 

0.00 

0.001 

0.003 

0.005 

0.007 

0.009 

Pressure  (psi) 

550 

650  1 

750 

850 

950 

1050 

Displacement  (inches) 

0.012 

0.018 

0.022 

0.028 

0.030 

0.033 

Pressure  (psi) 

1150 

1250 

1350 

1450 

1550 

1650 

Displacement  (inches) 

0.038 

0.042 

0.046 

0.048 

0.052 

0.058 

Pressure  (psi) 

1750 

1850 

1950 

2050 

2150 

2250 

Displacement  (inches) 

0.061 

0.064 

0.068 

0.073 

0.076 

0.082 

Pressure  (psi) 

2350 

2450 

2550 

2650 

2750 

2850 

Displacement  (inches) 

0.086 

0.088 

0.090 

0.092 

0.098 

0.103 

Pressure  (psi) 

2950 

3000 

Displacement  (inches) 

0.108 

0.1 15 

Table  A.l  1 .  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Variable  Thick¬ 
ness  (#37)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.182, 
Actual  thickness  of  flange  =  0.508  in.,  of  apex  =  0.340  in.:  Temperature  = 
62°F;  Pressurization  rate  =  500  psi/minute. 


Pressure  (psi) 

0 

250 

500 

750 

1000 

1250 

Displacement  (inches) 

0.000 

0.008 

0.012 

0.017 

0.021 

0.027 

Pressure  (psi) 

1500 

1700 

2000 

2250 

2500 

2750 

Displacement  (inches) 

0.031 

0.034 

0.039 

0.043 

0.048 

0.057 

Pressure  (psi) 

3000 

3250 

3500 

3750 

4000 

4250 

Displacement  (inches) 

0.060 

0.066 

0.072 

0.076 

1  0.086 

0.093 

Pressure  (psi) 

4500 

4750 

5000 

5250 

5500 

5750 

Displacement  (inches) 

0.103 

0.1 12 

0.118 

0.136 

0.162 

0.222 

Pressure  (psi) 

6000 

Displacement  (inches) 

0.382 

54 


Table  A.  12.  Displacement  of  Apex  Measured  on  a  Flanged  Hemisphere  of  Variable  Thick¬ 
ness  (#38)  Under  Short-Term  Hydrostatic  Loading.  Nominal  t/Rj  =  0.273, 
Actual  thickness  of  flange  =  0.752  in.,  of  apex  =  0.240  in.;  Temperature  = 
60°F;  Pressurization  rate  =  600  psi/minute. 


Pressure  (psi) 

0 

500 

1000 

1500 

2000 

2500 

Displacement  (inches) 

0.000 

0.010 

0.013 

0.020 

0.028 

0.036 

Pressure  (psi) 

3000 

3500 

4000 

4500  j 

5000 

5500 

Displacement  (inches) 

0.046 

0.052 

0.062 

0.068 

0.079 

0.092 

Pressure  (psi) 

6000 

6500 

7000 

7500 

8000 

8500 

Displacement  (inches) 

0.101 

0.114 

0.135 

0.156 

0.183 

0.238 

Pressure  (psi) 

9000  1 

1  9100 

Displacem.ent  (inches) 

0.328 

0.623 

EXPERIMENTAL  STRAINS  AND  STRESSES 

Several  interesting  observations  can  be  made  on  the  basis  of  experimentally  gener¬ 
ated  strain  data.  It  is  understood  that  these  observations  are  tentative,  as  only  a  single 
window  of  each  type  was  instrumented  with  three  electrical-resistance  strain  rosettes. 

Strains  were  fairly  linear  to  the  point  of  implosion  for  thin  and  very  thin  shells.  In 
thick  shells  the  strains  were  nonlinear  just  prior  to  failure,  indicating  some  yielding.  Since 
in  many  cases  the  magnitude  of  strains  exceeded  20,000  microinches/inch,  the  readings  of 
electric-resistance  gauges  mounted  on  thick  shells  became  quite  erratic  just  before  the  fail¬ 
ure  of  the  shells.  On  thin  shells  the  strains  were,  as  rule,  less  than  20,000  microinches/inch; 
thus,  the  gauges  were  able  to  function  to  the  very  moment  of  failure.  For  this  reason,  the 
strain  records  of  thin  shells  (figures  A. 5,  A. 6,  A. 7)  can  show  whether  elastic  instability  was 
the  cause  of  failure.  It  appears  that  this  was  the  case  (Note  the  reversal  of  strain  curves  on 
figures  A.5.B,  C,  D  and  figures  A.6.B.  C,  D). 

Stresses  at  the  apex  of  the  flanged  and  flangeless  shells  of  constant  thickness  fall 
between  the  maximum  and  minimum  stresses  values  measured  on  these  shells  and  therefore 
provide  a  representative  stress  value  for  a  given  t/Rj  ratio.  InTianged  shells  of  constant 
thickness  (figures  A.8.A,  B.  C,  D,  E),  the  highest  stresses  were,  as  rule,  found  20  degrees 
above  the  flange.  In  flanged  shells  of  variable  thickness,  the  highest  stresses  were,  as  rule, 
found  at  the  apex  (figures  A.9.A,  B,  C,  D). 

An  interesting  shift  occurs  in  the  orientation  of  principal  maximum  stress  at  the 
flange  as  constant-  and  variable-thickness  shells  of  different  thicknesses  are  observed.  In 
very  thin  and  thin  shells  (t/Rj  <  0.046),  the  maximum  principal  stress  at  the  flange  is  along 
the  meridian:  in  medium  thick  and  thick  shells,  the  maximum  principal  stress  at  the  flange 
is  in  the  hoop  direction. 
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Figure  A.5.E.  Strain  on  the  Interior  Surface  at  the  Equator  of  a  Flangeless  Shell 
of  Constant  Thickness  (t/Rj  =  0.046)  Under  Short-Term  Hydrostatic  Loading. 
Orientation:  meridional. 
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Figure  A.5.I.  Maximum  Principal  Stress  on  the  Interior  Surface  20  Degrees  Above 
the  Equator  of  a  Flangeless  Shell  of  Constant  Thickness  (t/Rj  =  0.046)  Under 
Short-Term  Hydrostatic  Loading.  Orientation:  hoop. 


64 


ICROIN/IN 


WINDOW  NO.  4  GAGE  NO 


0 

-2.00X10 

-'t.OOXlO 

-6.00X10 

-8.00X10 

-1.00X10 

-1.20X-O 


I/IN 


STRAIN  IN  MICROIN/IN 


WINDOW  NO.  4  GAGE  NO 


5 


03 

-2.00X10 

-M.OOXIO 

-4.00X10 

03 

-8.00X10 

08 

-1 .00X10 

08 

-1.20X10 

08 

-1.80X10 

08 

-1.40X10 

08 

-1.80X10 

08 

-2.00X10 

08 

-2.20X10 

08 

-2.80X10 


2.00X10  8.00X10  4.00X10  8.00X10  1.00X10 


PRESSURE  IN  PSI 


Figure  A.6.C.  Strain  on  the  Interior  Surface  20  Degrees  Above  the  Flange  of 
a  Shell  of  Constant  Thickness  (t/Rj  =  0.046)  Under  Short-Term  Hydrostatic 
Loading.  Orientation;  45  degrees  with  meridian. 
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Figure  A.6.F.  Strain  on  the  Interior  Surface  of  the  Flange  of  a  Shell  of 
Constant  Thickness  (t/Rj  =  0.046)  Under  Short-Term  Hydrostatic  Loading. 
Orientation;  45  degrees  with  meridian. 
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PRESSURE  IN  PS  I 

Figure  A.6.I.  Maximum  Principal  Stress  on  the  Interior  Surface  20  Degrees  Above 
the  Flange  of  a  Shell  of  Constant  Thickness  (t/Rj  =  0.046)  Under  Short-Term 
Hydrostatic  Loading.  Orientation:  hoop. 
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Figure  A.6.J.  Minimum  Principal  Stress  on  the  Interior  Surface  20  Degrees  Above 
the  Flange  of  a  Shell  of  Constant  Thickness  (t/Rj  =  0.046)  Under  Short-Term 
Hydrostatic  Loading.  Orientation;  meridional. 
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Figure  A.TJl.  Sirain  on  ihe  Intctio;  Surface  at  xhc  Apex  of  a  Flanged  Shell  of 
Varbble  Thickness  (i/Rj  =  0.046)  Unde-  Short-Term  Hydrosiaiic  Loadine. 
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Figure  A.7.C.  Strain  on  the  Interior  Surface  20  Degrees  Above  the  Flange  of  a 
Shell  of  Variable  Thickness  (t/Rj  =  0.046)  Under  Short-Term  Hydrostatic 
Loading.  Orientation:  45  degrees  with  meridian. 
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Figure  A.7.E.  Strain  on  the  Interior  Surface  of  the  Flange  of  a  Shell  of  Variable 
Thickness  (t/Rj  =  0.046)  Under  Short-Term  Hydrostatic  Loading.  Orientation; 
meridional. 
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Picure  A.7.G.  Strain  on  the  Interior  Surface  of  the  Flange  of  a  Shell  of  Variable 
Thickness  (t/Rj  =  0.046)  Under  Short-Term  Hydrostatic  Loading.  Orientation: 
hoop. 
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Figure  A.7.I.  .Maximum  Principal  Stress  on  the  Interior  Surface  20  Degrees 
Above  the  Flange  of  a  Shell  of  Variable  Thickness  (t/R j  =  0.046)  Under 
Short-Term  Hydrostatic  Loading.  Orientation:  hoop. 
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Figure  A.9.B.  Measured  Stresses  on  the  Interior  Surface  of  a  Flanged  Shell 
of  Variable  Thickness  (t/R;  =  0.093). 
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INTRODUCTION 


Since  its  introduction  into  the  hydrospace  field  by  Professor  Auguste 
Piccard,  acrylic  plastic  has  become  the  acknowledged  standard  material  for 
windows  in  submersibl . s,  diving  bells,  and  hyperbaric  chambers.  Several 
shapes  have  been  devj±oped  over  the  years  for  the  acrylic  windows. 

The  most  common  shape  is  the  plane  conical  frustum.  Its  behavior 
under  hydrostatic  loading  has  been  extensively  researched  and  its  design 
criteria  well-established  [1-5].  A  somewhat  less  common  shape  is  a  plane 
circular  disc  [6,7].  Its  application  has  been  confined  to  pressures  under 
1,000  psi;  as  for  greater  pressures,  the  retaining  flanges  become  too 
bulky , 

The  spherical  shell  sector,  whose  included  spherical  angle  can  vary 
from  30  r  180  degrees,  has  been  used  only  recently  for  undersea  systems. 
Considerabxe  effort  has  been  devoted  to  understanding  the  characteristics 
of  this  window  because  the  spherical  surfaces  endow  such  windows  with 
increased  field  of  vision  and  resist.ince  to  hydrostatic  pressure  [8,9]. 

In  parallel  with  the  research  into  structural  and  optical  properties  of 
spherical  shell  sector  windows,  investigations  have  been  conducted  into 
the  problems  associated  with  economical  fabrication  of  large  diameter 
windows  for  the  whole  depth  range  [10,11,12]. 

Because  spherical  shell  sector  windows  are  not  as  easy  to  retain  in 
their  flanges  as  plane  conical  frustum  or  plane  disc  windows,  considera¬ 
tion  has  been  given  to  equipping  the  spherical  shell  sector  windows  with 
integral  flanges  [13,14].  Such  flanges,  however,  generally  introduce 
bending  moments  and  stress  concentrations  into  the  otherwise  uniformly 
stressed  spherical  window.  To  assess  the  effects  of  flanges  on  the  stress 
distribution  in  spherical  windows  an  experimental  study  was  undertaken; 
the  results  of  that  study  form  the  body  of  this  report. 


BACKGR015ND 

Equatorial  flanges  on  spherical  shell  sector  windows  are  sometimes 
the  byproduct  of  the  fabrication  process,  while  at  other  times  they  are 
the  planned  result  of  engineering  design.  The  fabrication  processes 
which  produce  equatorial  flanges  on  acrylic  hemispherical  shells  are 
thermofoiming  techniques  utilizing  either  compressed  air  or  mechanical 
plungers  (Figure  x).  In  e.ither  case,  an  equatorial  flange  is  produced 
whose  thickness  is  equal  to  that  of  the  acrylic  sheet  utilized  in  thermo¬ 
forming. 


After  completion  of  the  thermoforming  process,  the  flanges  can  be 
removed  by  machining  so  that  the  end  product  is  a  flangeless  hemisphere 
whose  structural  response  has  been  studied  both  analytically  and  experi¬ 
mentally  in  the  past.  The  removal  of  the  flange  by  machining  is,  however 
an  expensive  operation  that  increases  the  cost  of  the  end  product  approxi 
mately  100%.  The  thermoforming  fabrication  techniques  for  acrylic  hemi¬ 
spherical  shells  would  be  more  economically  competitive  if  an  equatorial 
flange  could  be  tolerated  from  the  structural  viewpoint. 

Furthermore,  an  equatorial  flange  on  the  acrylic  hemisphere  can 
often  be  used  in  securing  the  window  to  its  seat  in  the  viewport.  This 
is  of  particular  importance  if  the  window  is  exposed  during  a  typical 
operational  cycle  not  only  to  external  but  also  to  internal  pressure. 
Also,  the  flange  can  serve  as  a  convenient  location  for  the  pressure 
seal.  Since  exploratory  studies  conducted  in  the  past  [13  and  14]  have 
shown  that  an  equatorial  flange  does  not  decrease  significantly  the 
short-term  strength  of  acrylic  plastic  hemispherical  shells,  it  appeared 
worthwhile  to  investigate  further  the  concept  of  flanged  hemispherical 
windows. 

The  flanged  hemispherical  shell  windows  tested  in  the  first  explora¬ 
tory  study  utilized  flanges  with  a  sharp  right-angle  heel  [14].  The 
sharp  heel  was  chosen  at  that  time  as  it  was  shown  by  another  study  [13] 
that  a  well-rounded  heel  on  the  flange  may  generate  excessive  bending 
moments  in  the  shell  accompanied  by  a  high  positive  flexural  stress 
component  on  the  interior  and  a  high  negative  flexural  stress  component 
on  the  exterior  surfaces  in  the  immediate  vicinity  of  the  flange-shell 
interface.  It  was  felt  that  further  studies  on  flanged  acrylic  hemi- 
sphe’'ical  shells  should  include  a  curvature  at  the  heel  and  the  instep  of 
the  flange  to  simulate  better  the  appearance  of  typical  flanged  hemi¬ 
spheres  produced  by  thermoforming  processes. 


STUDY  PARAMETERS 

The  ob.i  ective  of  tne  study  was  to  establish  the  safe  operational 
pressure  for  typical  flanged  hemispherical  shells  of  acrylic  plastic 
utilized  in  pressure  vessels  for  human  occupancy. 

The  approach  chosen  was  to  fabricate  and  test  representative  flanged 
acrylic  plastic  hemispherical  shells  under  short-term,  long-term,  and 
cyclic  pressure  loadings  until  signs  of  failure  appeared. 

The  scope  of  the  study  was  limited  to  a  single  thickness  over  inside 
diameter  (t/D.)  ratio  and  two  flange  configurations  (Figures  2  and  3). 

The  t/D.  ratio  chosen  was  0.182,  equal  to  a  t/R.  ratio  of  0.364.  This 
ratio  was  considered  to  be  adequate  for  working  pressures  in  the  1,000- 
to  2,000-psi  range  based  on  the  short-term  collapse  data  from  a  previous 
study  on  flangeless  acrylic  plastic  hemispherical  shells. 


TEST  SPECIMENS 


The  flanged  test  specimens  of  acrylic  plastic  hemisphere  were  fabri¬ 
cated  by  thermoforming  3-inch-thick  Plexiglas  G  stock.  The  thermoforming 
process  consisted  of  forcing  an  appropriately  shaped  metallic  plunger  into 
the  acrylic  stock  supported  by  a  metal  ring  on  four  legs  (Figures  4  and  5). 
The  wall  thickness  of  the  extrusion  was  found  to  be  more  uniform  than  in 
hemispheres  thermoformed  by  free  blowing  with  compressed  air  [13].  The 
hemispherical  extrusion  was  subsequently  machined  on  the  outside  and 
inside  to  give  the  shell  appropriate  thickness,  in  and  around  the  flange 
particularly. 

Since  the  thermoforming  process  produced  flanges  that  could  be 
economically  modified  to  another  shape,  if  so  desired,  the  test  specimens 
were  equipped  with  either  a  Type  I  or  a  Type  VI  flange  (Figures  2  and  3). 
Twenty-four  flanged  windows  were  fabricated;  10  were  equipped  with 
Type  I  and  14  with  Type  VI  flanges.  Each  window  was  identified  by  a 
capital  letter. 

The  Plexiglass  G  material  utilized  in  the  thermoforming  process  met 
all  the  minimum  physical  requirements  specified  for  man-rated  windows 
by  the  Navy  and  the  American  Society  of  Mechanical  Engineers  [15]. 


TEST  SETUP 
Flanges 

The  flanged  windows  were  tested  on  thick  circular  discs  machined 
from  low  carbon  steel  (Figure  6).  The  steel  test  flanges  were  equipped 
with  a  central  opening  through  which  strain  gage  wires  could  be  passed 
from  inside  the  window.  Holes  around  the  circumference  of  the  steel 
test  flange  were  used  for  attaching  the  test  flange  to  the  vessel  end 
closure  adaptor  plate  and  for  securing  the  window  to  the  flange.  A 
smooth  surface  was  provided  on  the  steel  test  flange  to  minimize  slid¬ 
ing  friction  between  the  contracting  window  and  the  test  flange. 

Pressure  Vessels 

For  the  testing  of  flanged  windows  both  the  18-  and  9.5-inch- 
diameter  pressure  vessels  were  utilized.  The  window  was  secured  with 
a  retainer  ring  or  rubber  bands  to  a  steel  test  flange  which,  in  turn, 
was  attached  to  a  pressure  vessel  closure  adaptor  that  screwed  directly 
into  the  vessel  end  closure.  Since  the  steel  test  flange,  vessel 
closure  adaptor,  and  vessel  end  closure  were  equipped  with  a  central 
opening,  electric  strain  gage  wires  and  a  mechanical  dial  indicator  rod 
could  pass  from  the  window  interior  to  the  vessel  exterior. 

Some  of  the  vessels  were  provided  with  insulated  jackets  containing 
heating  and  cooling  coils.  In  these  vessels  the  temperature  could  be 
maintained  within  narrow  limits.  In  other  vessels  the  temperature  of 
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the  pressurized  water  could  be  maintained  only  within  a  wide  range  as 
the  uninsulated  vessels  would  rapidly  follow  the  diurnal  temperature 
variations  inside  the  uninsulated  laboratory  building.  As  a  result,  the 
ambient  test  temperature  in  these  vessels  during  the  pressure  testing 
of  windows  over  a  period  of  24  months  varied  from  a  low  of  65  F  to  a 
high  of  75°F. 

Instrumentation 

The  instrumentation  for  the  pressure  vessel  consisted  of  a  Bourdon 
type  pressure  gage  and  a  remote  reading  thermometer.  The  pressure  gage 
could  be  read  within  50-psi  intervals  and  the  thermometer  within  l^F. 

The  instrumentation  for  the  acrylic  plastic  window  undergoing 
hydrostatic  testing  consisted  of  rectangular  1/8  inch  long*  electrical 
resistance  stJ'ain  gage  rosettes  located  on  the  interior  face  of  the 
windows  and  a  mechanical  dial  indicator  measuring  the  radial  displace¬ 
ment  of  the  window's  apex  within  0.001  inch.  The  strain  gages  were 
attached  to  the  acrylic  at  specific  locations  (Figure  7)  with  M-Bond  200 
cement  and  subsequently  waterproofed  with  Dow  Corning  3140  room  tempera¬ 
ture  vulcanizing  silicone  rubber  coating. 

The  strains  were  recorded  by  a  100-channel  B  &  F  automatic  data 
logger  with  magnetic  tape  data  storage  and  digital  paper  tape  printout. 
This  recording  unit  was  capable  of  recording  at  a  rate  of  either  1  or  10 
channels  per  second.  As  a  rule,  the  10-channel/second  recording  rate 
was  utilized  during  pressurization  and  the  1-channel/second  rate  during 
sustained  loading  of  window  specimens. 

Test  Procedure 

The  bearing  surface  of  the  window  flange  was  coated  with  silicone 
grease,  a  1/8-inch-diameter  0-ring  was  placed  into  the  groove  in  the 
window  flange,  and  the  whole  assembly  was  carefully  placed  on  the  steel 
test  flange.  Strain  gage  wires  were  fed  through  the  opening  in  the 
steel  test  flange  to  the  outside  of  the  vessel  end  closure,  and  the  dial 
indicator  rod  was  centered  on  the  window's  low-pressure  face. 

To  secure  the  window  to  the  steel  test  flange,  either  steel  retaining 
rings  or  elastic  bands  were  employed.  The  steel  rings  were  primarily 
utilized  in  the  18-inch-diameter  pressure  vessel  (Figure  8)  while  the 
elastic  bands  were  used  to  secure  the  windows  to  the  steel  test  flange 
in  the  9.5-inch  diameter  pressure  vessel  (Figure  9).  In  both  cases, 
the  radial  restraint  imposed  on  the  window  flange  was  minimal,  only 
sufficient  to  compress  the  0-ring  for  proper  sealing. 

After  the  window  was  secured  to  the  steel  test  flange,  the  interior 
of  the  pressure  vessel  was  pressurized  with  tap  water  at  a  650-psi/minute 
rate  utilizing  a  positive  displacement  air-driven  pump. 


Micro-Measurements  gages  type  EP-08-125RA-120. 
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TEST  PROGRAM 


The  experimental  test  program  was  designed  to  establish  the  maximum 
safe  working  pressures  for  the  two  types  of  flanged  windows.  On  the 
basis  of  experimental  data,  the  two  types  of  windows  could  be  compared 
to  each  other  and  to  windows  of  the  same  geometry  without  a  flange.  The 
maximum  safe  working  pressure  was  to  be  established  by  subjecting  the 
windows  of  Type  I  and  VI  to  a  series  of  tests  that  would: 

(1)  Determine  short-term  Qritioal-'pTessure  (STOP)  by  pressurizing 
windows  at  a  standard  rate  of  650  psi/minute  until  failure  occurred. 

(2)  Determine  long-term  critical  pressure  by  maintaining  a  constant 
sustained  pressure  loading  until  failure  occurred. 

(3)  Determine  oyolio  fatigue  life  by  subjecting  the  windows  to 
cyclic  pressure  loading  until  failure  occurred.  The  pressure  cycles 
employed  in  the  test  program  consisted  of  (a)  pressurizing  the  window 

at  650  psi/minute  to  a  specified  pressure,  (b)  holding  that  pressure  for 
7  hours,  (c)  depressurizing  to  zero  pressure  at  a  rate  of  650  psi/minute, 
and  finally  (d)  relaxing  at  zero  pressure  for  at  least  17  hours  before 
the  next  cycle  was  started.  This  cycle  is  termed  for  the  purposes  of 
this  report  the  "standard  load  cycle." 

Since  there  were  mere  tests  planned  than  the  available  number  of 
windows,  some  windows  had  to  be  used  in  more  than  one  test.  Two  windows 
were  modified  after  testing  to  establish  the  effect  of  structural 
modification  to  the  flange.  In  one  case  the  rounded  heel  of  the  flange 
on  Type  I  window  E  was  replaced  with  a  square  heel  to  become  ©while  in 
the  other  case,  the  flange  was  removed  completely,  converting  the  Type  I 
window  I  into  a  true  hemisphere  (l) .  All  of  the  tests  to  which  the  win¬ 
dows  were  subjected  have  been  summarized  in  Tables  1  through  5. 


TEST  OBSERVATIONS 

Short-Term  Critical  Pressure  Tests 

Pressure.  Five  windows  were  subjected  to  continuous  pressurization 
at  the  standard  rate  of  650  psi/minute  until  they  failed  (Table  1)  (win¬ 
dows  Y  and  Z  had  been  tested  previously).  ”indow  Y  had  endured  long¬ 
term  hydrostatic  testing  at  2,000-psi  pre:  re  without  any  visual  damage. 
Window  Z  had  been  pressure-cycled  twice  to  8,00C  psi  with  a  rubber  gasket 
and  had  suffered  some  crazing  and  a  few  slight  cracks  in  the  seating 
surface.  The  two  Type  I  v7indows  tested  had  an  average  short  term 
critical  pressure  of  14,310  psi  wJiile  the  three  Type  VI  windows  had  an 
average  critical  pressure  of  14,70C  psi. 

Modes  of  Failure.  All  the  windows  that  failed  did  so  catastrophic- 
ally  after  cracking  sounds  had  been  heard  for  a  short  time.  Extensive 
fragmentation  took  place  in  ail  these  cases. 
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Table  1.  Short-Term  Cririeal  Pressure  Tests 


Window 

Flange 

Type 

Test 

Temperature 

(°F) 

Location  of 
Strain  Gages 
(Figure  7) 

Displacement 

Short-Term 
Critical  Pressure 
(psi) 

Principal  Results 

A 

I 

a 

- 

yes 

14,000 

Catastrophic  failure 

B 

I 

a 

- 

- 

14,620 

Catastrophic  failure 

C 

1 

a 

A,C,  E 

Test  stopped  at 

12,500  psi  and  de¬ 
pressurized  to  zero 

S 

Vi 

a 

A,C,  E 

- 

14,530 

Catastrophic  failure 

yb 

VI 

71 

14,325 

Catastrophic  failure; 
bottom  plug  blowout 
of  pressure  vessel  at 
the  same  time  the 

window  failed 

z“ 

VI 

1 

70 

- 

- 

15,225 

Catastrophic  failure 

“  Room  temperature  not  specifically  recorded. 

^Window  was  previously  tested  at  2,000  psi  (see  Table  3). 

^Window  was  previously  tested  at  8,000  psi  with  a  gasket  (see  Table  4). 


Table  2.  Long-Term  Critical  Pressure  Tests 


— 

Window 

Flange 

Type 

Average  Test 
Pressure 
(psi) 

Test 

Temperature 

(®F) 

Loc.Jon  of 
Strain  Gages 
(Figure  7) 

Principal  Results 

D 

1 

9.670 

a 

A,C,  E 

Catastrophic  failure- 
after  22  hours 

J 

1 

10,000 

75 

A,  C,  E,G,I 

Catastrophic  failure 
after  3  hours 

H 

1 

7,675 

45-75 

A.C,  E 

Catastrophic  failure 
after  153  hours 

O 

VI 

9,700 

a 

A,  C,  E^ 

Catastrophic  failure 
after  14  hours 

P 

VI 

^10,000 

a 

A,  E* 

Catastrophic  failure 
after  6  hours 

V 

VI 

11,800 

a 

A,  C,  E“ 

Catastrophic  failure 
after  42  hours 

T 

VI 

9,850 

a 

A.  C,  E“ 

Catastrophic  failure 
after  100  hours 

R*^ 

VI 

=  12,000 

71-73 

— 

Catastrophic  failure 
after  0.5  hour 

“Room  temperature  not  specifically  recorded. 

^Gages  functioned  properly. 

“Gages  failed  prematurely. 

'^Window  was  previously  tested  at  4,000  psi  for  262  hours  (sec  Table  3). 
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Tabic  3.  Long  Term  Tests  Without  Implosion 


Window 

— 

Flange 

Type 

Average  Test 
Pressure 
(psi) 

Test 

Temperature 

(°F) 

Location  of 
Strain  Gages 
(Figure  7) 

Displacement 

Duration 
of  Loading 
(hours) 

Principal  Results 

E 

I 

4,000 

a 

A.C,  E 

— 

240 

Some  circumferential 
cracks  in  the  bearing 
surface  on  the  flange 

I 

1 

2,000 

75-76 

A,  B.C, 

D.  E,  F. 
G,H,  I 

269 

No  cracks  or  crazing 
detectable  by  visual 
inspection 

Q 

VI 

7,000 

a 

A.C.  E 

139 

Extensive  crazing  and 
large  circumferential 
cracks  in  scat;  one 
crack  penetrating  to 
outside 

R 

VI 

4.000 

a 

A.C,  E 

- 

262 

Some  crazing  and 
shallow  cracks  in  scat 

U 

VI 

S.OOO 

a 

312 

Window  flange  sheared 
off;  numerous  cracks 
and  extensive  crazing 
of  seating  surface-,  scat 
conical 

Y 

VI 

2.000 

71-73 

A.  B.C. 

D.  E.  F. 
G.H,  1 

119 

No  cracks  or  crazing 
detectable  by  visual 
inspection 

Y 

VI 

2.000 

72 

A.  B.C. 

D.  E.  F, 
G.H.l 

7 

.No  cracks  or  crazing 
detectable  by  visual 
inspection 

W 

VI 

2,000 

71-73 

yes 

95 

No  cracks  or  crazing 
detectable  by  visual 
inspection 

"Room  temperature  not  specifically  recorded. 

^Rubber  gasket  used  instead  of  0-ring,  window  previously  tested  to  2.000  psi  without  gasket. 


Deformation  Under  Short-Term  Loading.  At  the  standard  rate  of 
pressurization  of  650  psi/minute,  the  compressive  strain  recorded  by 
the  strain  gages  increased  in  direct  proportion  to  the  pressure  up  to 
about  4,000  psi  (Figure  10).  Above  this  pressure  the  strain  began  to 
increase  more  rapidly,  thus  indicating  the  nonlinearity  of  stress  versus 
strain. 

The  strain  produced  in  the  window  in  the  linear  range  varied  accord¬ 
ing  to  direction  and  location  of  the  strain  gages.  At  the  apex,  the 
strain  was  approximately  the  same  in  all  directions  with  little  change 
in  magnitude  from  one  point  to  another  (Figures  11,  12,  and  13).  Moving 
away  from  the  polar  area,  the  circumferential  strain  increased  by  an 
average  of  22%  for  the  Type  I  windows  and  by  an  average  of  14%  for  the 
Type  VT  windows  (Figure  11),  and  at  the  same  time,  the  meridional 
strains  fell  off  sharply  to  small  values  (Figure  12). 


Tabic  4.  Cyclic  Tests 


Window 

Flange 

Type 

Test 

Pressure 

(psi) 

Test 

Temperature 

(“F) 

Location  of 
Strain  Gages 
(Figure  7) 

Number  of 
Pressure  Cycles 

Principal  Results 

I 

2,000 

70-75 

A,  B,  C, 

D,  E.  F. 

G.  H.  I 

58 

Cracking  in  window- 
bearing  surface  developed 
between  cycle  No.  33 
and  last  cycle 

J 

1 

10,000 

75 

A.  C.  E, 

G,  1 

1 

Window  failed  catastro¬ 
phically  after  about  3 
hours  of  first  pressure 
cycle 

K 

1 

8,000 

69-72 

E 

1 

Window  failed  during 
first  cycle  by  cracking 
along  flange,  causing 
leakage  when  pressure 
was  released 

M 

1 

6,000 

66-73 

A.C.  E 

22 

Window  developed  cracks 
during  second  cycle; 
leaked  after  twenty-second 
cycle 

BB 

VI 

8,000 

68-72 

E 

2 

Small  cracks  and  crazing 
of  bearing  surface  after 
first  cycle;  window  leaked 
after  second  cycle 

VI 

8.000 

70-72 

A.  C.E 

2 

Some  crazing  and  three 
very  shallow  cracks  in 
bearing  surface  after 
second  cycle 

AA 

VI 

6,000 

66-73 

22 

Crack  along  0-ring  groove 
after  third  cycle;  cracks 
and  crazing  in  bearing 
surface  after  fifth  cycle 

X 

VI 

5,000 

68-73 

E 

40 

♦ 

Crazing  of  bearing  surface 
developed  between  second 
and  sixth  cycles;  cracks 
in  bearing  surface  develo¬ 
ped  between  twenty-second 
and  twenty-seventh  cycles 

‘'This  window  was  previously  tested  under  sustained  loading  at  2.000  psi  (see  Table  3). 
v/indow  was  pressurized  to  failure  under  short-term  loading  (see  Table  1). 


The  circumferencial  strain  varied  only  moderately  from  test  to  test, 
the  maximum  deviation  from  the  average  of  any  test  being  only  about  6% 
for  the  Type  I  windows  and  about  10%  for  the  Type  VI  windows  (Figure 
11).  For  the  strain  in  the  meridional  direction,  there  was  a  similar 
spread  in  the  data  for  the  polar  area.  Closer  to  the  edge,  however, 
the  meridional  strain  varied  markedly  from  test  to  test  and  at  gage 
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Table  5.  Cyclic  Tests  of  Modified  Windows 


Window 

Modification 

Test 

Test 

Temperature 

(°F) 

Location  of 
Strain  Gages 
(Figure  7) 

I’rincipal  Results 

0-ring  groove  and 
rounded  heel  re¬ 
moved  by  machin¬ 
ing.  Oise  ^ued  on 
to  restore  original 
dimensions,  but 
with  a  sharp  heel 
on  the  flange 

1 1  pressure 
cycles  at 
2,000  psi 

68-72 

A.C.  E 

Some  change  in  strain 
distribution  compared 
to  windows  with  rounded 
heel:  10  cycles  performed 
with  neoprene  bearing 
gasket  and  1  cycle  with¬ 
out 

0“ 

0-ring  groove  and 
rounded  seat  cor¬ 
ner  removed  by 
machining.  Oise 
gluej  on  to  restore 
original  dimensions 
but  with  a  sharp 
heel  on  the  flange 

1  cycle  at 
8.000  psi 

70-74 

A.C.  E 

Window  bearing  surface 
almost  unharmed.  Win¬ 
dow  cracked  radially 

0^ 

Flange  and  cylindri¬ 
cal  part  removed  by 
machining 

7  cycles  at 
2.000  psi 

68-72 

A.  C.  E 

The  strains  are  more  uni¬ 
form  ail  over  the  interior 
surface  of  the  window 

0^ 

Flange  and  cylindri¬ 
cal  part  removed  by 
machining 

2  cycles  at 
8,000  psi 

70-75 

A.C.  E 

No  cracks  observed  on 
the  bearing  surface  or 
anywhere  else  on  the 
window 

“Window  was  tested  for  240  hours  at  4.000  psi  prior  to  modifieation  (sec  Table  3). 
Window  was  tested  for  269  hours  at  2,000  psi  prior  to  modification  (see  Table  3). 


A  (Figure  12)  the  results  were  almost  erratic,  particularly  for  the 
Type  VI  windows.  The  cause  of  this  large  spread  has  not  been  investi¬ 
gated. 

At  hydrostatic  pressures  in  excess  of  4,000  psi,  the  nonuni¬ 
form  character  of  the  strain  over  the  window  surface  was  exaggerated 
(Figure  14),  and  the  strains  were  higher  than  predicted  by  linear  extrap¬ 
olation  of  the  strains  at  low  pressure.  Thus,  at  ,10,000-psi  external 
pressure,  the  nonlinear  part  was  between  one-third  and  one-half  of 
the  linear  strain,  depending  on  location  (Figure  15), 

M^lacement  of  Apex.  In  one  case,  the  displacement  of  the  window.', 
at  the  apex  towards  the  center  of  the  sphere  was  measured.  The  specimen 
was  a  Type  VI  window  (window  W).  After  an  initial  phase  where  the 
window  seated  itself,  the  displacement  was  linear  with  pressure  up  to 
the  test  pressure  of  2,000  psi.  The  displacement  per  unit  change  of 
pressure  divided  by  che  internal  radius  of  the  spherical  part  of  the 
window  was  3.5  x  10”O/psi  (Figure  16). 


Long-Term  Tests 


Tests  Resulting  in  Implosion.  Five  Type  VI  windows  and  three  Type 
I  windows  were  pressurized  at  the  standard  rate  of  650  psi/minute  up 
to  the  test  pressure.  The  test  pressure  was  maintained  constant  until 
failure  occurred. 

The  life  of  the  windows  loaded  this  taay  varied  inversely  with  the 
test  pressure.  The  relationship  between  the  life  and  the  test  pressure 
was  nonlinear  with  a  very  rapid  fall  off  in  life  above  approximately 
8,000  psi  (Figure  17).  The  spread  in  the  data  was  very  large  compared 
to  the  spread  in  the  magnitude  of  short-term  critical  pressures, 
indicating  that  long-term  test  parameters,  like  temperature,  were  not 
maintained  within  a  sufficiently  narrow  range  to  preclude  large  spread 
in  test  data. 

In  all  cases  of  failure  under  long-term  loading,  the  failure  was 
catastrophic,  resulting  in  heavy  fragmentation  of  the  windows  (Figures 
18  through  26).  Typically,  the  force  of  implosion  blev;  a  hole  in  the 
window  dome  producing  grain  size  fragments  of  the  blown-out  material. 

The  rest  of  the  dome  stayed  relatively  inttct,  although  it  was  always 
fractured  radially  into  several  pieces  (Figure  21).  In  addition  to  the 
radial  fractures,  a  large  number  of  in-plane  fractures  occurred.  The 
number  of  in-plane  fractures  increased  toward  the  interior  surface  cf 
the  window.  The  outer  1/A  inch  or  so  of  the  wall  was  usually  not  lamin¬ 
ated  (Figure  24). 

After  implosion,  the  flanges  were  found  to  be  separated  from  the 
main  body  of  the  windows.  In  Type  I  windows,  the  separation  was  all 
around  the  flange  (Figures  18  and  19),  while  in  the  Type  VI  windows 
the  separation  was  partial  (Figures  20  and  21).  The  flange  separated 
from  the  dome  generally  before  implosion  occurred,  as  demonstrated  by 
window  U  whose  long-term  loading  was  terminated  prior  to  implosion 
(Figures  22  and  23). 

The  window  flange  bearing  surfaces  fractured  during  the  tests  in 
the  circumferential  direction  (Figure  25).  The  heel  (inside  edge)  of 
the  flange  was  permanently  deformed,  resulting  in  the  formation  of  a 
sharp  edge  that  contrasted  sharply  with  the  original  well-rounded-heel 
geometry  (Figure  25).  The  deformed  fragments  also  showed  that  the 
thickness  of  the  wall  above  the  flange  permanently  increased  by  about 
25%  of  the  original  thickness  (window  J).  A  similar  increase  was  observed 
in  the  width  of  the  flange  measured  between  the  inside  edge  of  the  heel 
and  the  0-ring  groove.  The  height  of  the  flange,  however,  was  unchanged 
(Figure  25).  These  observations  were  further  confirmed  by  a  study  of 
the  fragments  of  window  H  (Figure  26). 

Tests  Terminated  Prior  to  Implosion.  Two  Type  I  and  five  Type  VI 
windows  were  subjected  to  long-term  tests  of  varying  length  and  at 
different  pressures  (Table  3). 

At  2,000  psi,  no  visible  damage  was  caused  during  the  269  hours  of 
loading  on  window  I  at  75  F.  The  window  strains  relaxed  completely 
after  the  test  (Figure  27). 
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At  4,000  psi,  some  crazing  and  shallow  cracks  were  observed  in  the 
seat  of  window  R  when  inspected  after  262  hours  (Figure  28).  Also,  this 
window  relaxed  completely  after  the  test.  All  strain  gage  readings  were 
within  100  pin. /in.  of  the  reading  before  the  test  after  a  relaxation 
time  of  about  100  hours.  The  bearing  surface  on  the  flange,  however, 
had  some  permanent  deformation,  producing  a  slight  conical  shaped  surface 
similar  to  that  shown  in  Figure  22. 

At  7,000  psi,  window  Q  suffered  extensive  crazing  and  several  large 
cracks  at  the  seat  during  the  439-hour  test  (Figures  29  and  30).  In  this 
window,  the  strain  in  the  polar  area  averaged  0.056/in. /in.  at  the  end 
of  the  creep  period.  But  even  so,  after  about  100  hours  of  relaxation, 
the  str.iin  in  this  area  was  within  0.001  in. /in.  of  the  reading  before 
the  test.  Significant  permanent  deformation  was  observed  in  the  bear¬ 
ing  surface  of  the  flange,  transforming  it  from  a  plane  to  a  conical 
surface. 

At  8,000  psi,  xjindow  U  lasted  312  hours  without  imploding;  the 
window  was,  however,  severely  damaged.  The  flange  had  separated  and 
the  bearing  surface  was  deformed  into  a  conical  surface  which  had  sever¬ 
al  large  cracks  in  it  (Figures  22  and  23). 

In  those  tests  where  the  pressure  was  kept  constant  for  a  long 
period  of  time,  the  strain  on  the  interior  surface  did  not  become  ten¬ 
sile  at  the  end  of  the  relaxation  period. 

Deformation  Under  Long-Term  Loading.  At  10,000  psi  (70%  of  STOP) 
of  external  pressure,  the  strain  increased  very  rapidly  after  pressuri¬ 
zation  was  completed.  The  increase  was  largest  in  the  window  areas  that 
already  had  the  largest  strains.  Thus,  the  unevennesses  of  the  window 
deformation  already  apparent  after  pressurization  became  more  pronounced 
with  time  (Figure  31).  As  evident  from  the  end  result,  the  rate  of 
deformation  at  10,000  psi  was  so  high  that  after  a  few  hours  the  window 
became  so  plastically  deformed  that  it  could  no  longer  sustain  the  load 
(window  J). 

At  8,000  psi  (56%  of  STOP)  and  lower  pressures,  the  strains  still 
increased  rapidly  immediately  after  the  end  of  pressurization.  The 
strain  rate  slowed  down  sufficiently,  however,  after  the  first  2  to  3 
hours  to  give  the  window  extended  life.  At  7,000  psi  (49%  of  STOP), 
window  Q  did  not  fail  catastrophically  during  the  139  hours  the  pressure 
was  maintained.  At  8,000  psi,  the  unevenness  of  the  window  deformation 
became  greater  with  time  (Figure  32),  just  as  for  the  window  tested  at 
10,000  psi  (Figure  31).  At  lower  pressures,  this  tendency  became  less 
pronounced  and  at  2,000  psi  was  hardly  noticeable  (Figure  33). 

At  moderate  strain  levels,  the  deformation  of  the  windows  appeared 
to  be  quite  symmetrical.  This  was  evident  from  the  measurements  on 
windows  I,  Y,  and  J,  which  had  strain  gages  on  both  sides  (Figure  13, 

31,  and  33).  In  these  cases,  all  three  gages  of  the  rectangular 
strain  gage  rosette  at  the  apex  indicated  essentially  the  same  strain 
values.  As  the  strains  increased  in  magnitude,  however,  the  differences 
in  the  readings  of  the  three  gages  at  the  apex  often  became  greater. 
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This  occurrence  may  be  the  result  of  the  window  starting  to  lose  its 
sphericity.  In  the  case  of  window  J  (tested  at  10,000  psi)  the  distri¬ 
bution  of  circumferential  strain  appeared  to  be  symmetrical  at  the  end 
of  pressurization.  During  the  first  hour  under  pressure,  however,  the 
strain  increased  much  faster  on  one  side  than  on  the  other  indicating 
that  the  window  was  losing  its  spherical  shape  (Figure  31). 

Taking  into  account  the  scatter  in  data,  no  significant  difference 
was  observed  in  the  time-dependent  deformation  of  the  two  types  of  win¬ 
dows  (Figure  34).  In  both  cases,  the  location  on  the  window  that  had 
the  highest  strains  at  the  end  of  pressurization  also  had  the  highest 
strain  throughout  the  creep  period.  In  both  cases,  the  strain  distri¬ 
bution  became  more  uneven  as  time  went  on  (Figures  32  and  35). 

The  strain  in  the  window  after  any  given  duration  of  sustained  load 
was  found  to  be  a  nonlinear  function  of  the  load.  Thus,  after  1  hour  at 
4,000  psi,  the  strain  at  the  apex  of  the  window  was  approximately  2.1 
times  the  strain  after  1  hour  at  2,000  psi.  After  1  hour  at  10,000  psi, 
the  strain  at  the  apex  was  10  times  the  strain  after  1  hour  at  2,000  psi 
(Figure  36).  This  clearly  demonstrates  that  acrylic  material  becomes 
more  compliant  as  temperature  or  stress  is  increased.  If  the  additional 
strain  due  to  creep  alone  is  plotted,  the  nonlinear  behavior  becomes 
even  more  apparent  (Figure  37). 

As  noted  before,  long-term  loading  at  pressures  high  enough  to 
cause  catastrophic  failure,  also  caused  permanent  tensile  radial  strain 
in  the  dome.  By  measuring  the  thickness  of  fragments  of  the  dome  of  the 
imploded  windows,  the  average  permanent  radial  strain  was  found  to  vary 
from  about  25%  (0.25  in. /in.)  above  the  flange  to  about  12.5%  halfway 
between  the  flange  and  the  apex  (windows  J  and  H)  (Figure  38). 

Cyclic  Pressure  Tests 

Fatigue  Life.  It  was  immediately  realized  after  initiation  of  cyc¬ 
lic  pressure  testing  that  the  fatigue  life  of  the  windows  would  be  lower 
than  expected. 

At  10,000  psi,  which  is  approximately  70%  of  STCP,  the  test  specimen 
(window  J)  did  not  complete  the  first  cycle.  The  window  failed  catastro¬ 
phically  after  about  3  hours. 

At  8,000  psi  (56%  STCP)  the  Type  I  (window  K)  cracked  during  the 
first  cycle  to  the  extent  that  when  the  pressure  approached  zero  at 
the  end  of  the  cycle,  water  filled  up  the  low  pressure  cavity.  The 
Type  VI  window  that  was  tested  at  8,000  psi  (window  BB)  developed 
similar  cracks  and  leakage  during  its  second  cycle. 

At  6,000  psi  (42%  of  STCP)  the  Type  I  window  (window  M)  cracked 
catastrophically  during  its  twenty-second  load  cycle.  The  Type  VI  win¬ 
dow  (window  AA)  tested  at  the  same  pressure  was  still  intact  after  22 
load  cycles,  but  had  deep  cracks  in  the  seat  area. 

At  5,000  psi  (35%  of  STCP)  crazing  of  the  seat  was  apparent  when 
the  Type  VI  window  (window  X)  was  inspected  after  the  sixth  pressure 
cycle.  Cracks  developed  in  the  seat  between  cycle  22  and  27,  but  no 
leaks  occurred  before  the  test  was  terminated  after  the  fortieth  cycle. 
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At  2,000  psi  (14%  of  STOP)  the  Type  I  window  (window  I)  did  not 
show  any  change  after  33  pressure  cycles.  When  the  window  was  inspected 
again  after  the  fifty-eighth  cycle,  however,  a  deep  crack  was  found  in 
the  flange  starting  from  the  O-ring  groove. 

Modes  of  Failure.  In  all  cases,  cracks  initiating  from  the  bearing 
surface  on  the  flange  were  the  cause  of  failure.  In  some  cases  (windows 
AA,  Figures  39,  40,  and  41;  and  I,  Figure  42),  the  first  sign  of  fatigue 
was  a  crack  originating  from  the  0-ring  groove.  The  cracks  had  a  charac¬ 
teristic  half-moon  shape  when  viewed  from  the  side  and  appeared  to  be 
approximately  parallel  to  the  low-pressure  face  of  the  window  as  shown 
in  Figure  43. 

In  all  the  other  cases,  the  cracks  originated  at  the  bearing  surface 
of  the  flange  between  the  heel  and  the  0-ring  groove  and  were  always 
preceded  by  crazing.  The  crazing,  as  well  as  the  subsequent  cracks,  had 
the  same  orientation  as  the  cracks  originating  from  the  0-ring  groove 
(Figures  39  to  46).  The  cracks  not  originating  in  the  0-ring  groove  had 
the  characteristic  mushroom  shape  instead  (Figures  39,  40,  41,  47,  and  48). 

Cracking  of  the  interior  face  occurred  in  two  Type  I  windows 
(windows  M  and(|j).  In  window  M,  the  failure  occurred  after  22  standard 
load  cycles  to  6,000  psi  and  consisted  of  three  fractures  running  in  the 
meridional  direction  originating  on  the  bearing  surface  of  the  window. 

One  of  the  cracks  ran  like  a  meridian  across  the  apex  from  one  side  of 
the  window  to  another,  while  two  other  cracks  stopped  at  the  apex 
(Figure  49).  The  cracks  penetrated  between  25  and  50%  of  the  wall  thick¬ 
ness.  On  the  inside  face  of  the  window,  the  width  of  the  cracks  varied 
from  close  to  zero  at  the  apex  to  about  0.040  inch  at  the  flange.  The 
entire  inside  surface  was  markedly  crazed  after  the  test  but  less  than 
on  the  bearing  surface  (Figure  50) . 

Window d) failure  occurred  after  one  cycle  at  8,000  psi.  The  window 
had  previously  been  subjected  to  11  standard  load  cycles  at  2,000  psi 
and  a  long-term  test  at  4,000  psi  for  259  hours.  After  the  long-term 
test,  but  before  the  cyclic  tests,  the  seat  of  the  window  was  machined 
down  to  remove  the  rounded  inside  edge  of  the  heel  and  the  0-ring 
groove.  An  annular  disc  was  bonded  in  its  place  to  restore  the  original 
height  of  the  flange.  UTien  the  pressure  was  down  to  about  500  psi 
during  depressurization  from  8,000  psi  at  the  standard  rate,  three  or 
four  loud  cracks  were  heard  and  the  window's  interior  filled  with  water. 

Inspection  of  the  window (e) revealed  that  spalling  had  taken  place 
on  the  square  edge  of  the  heel,  that  crazing  and  a  number  of  shallow 
half  moon  cracks  had  formed  in  the  bearing  surface  of  the  flange,  and 
that  the  interior  face  of  the  window  had  three  large  cracks  as  shown  in 
Figures  51,  52,  and  53. 

Low-pressure  leaks  developed  in  four  cases.  In  two  of  these  (win¬ 
dows  BB  and  K,  both  tested  at  8,000  psi)  the  leak  was  due  to  the  circum¬ 
ferential  cracks  propagating  through  the  flange  to  the  exterior  face  of 
the  windows  (Figure  54  and  55).  In  the  third  case  (window  M,  tested 
at  6,000  psi),  the  usual  circumferential  cracks  occurred  after  the 
second  cycle,  but  the  window  did  not  develop  a  leak  until  it  cracked  on 
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the  interior  face  after  22  load  cycles  as  noted  above  (Figure  49).  In 
the  fourth  case  (window tested  at  8,000  psi),  a  leak  occurred  after 
the  first  cycle. 

Deformation.  Deformation  of  the  windows  was  measured  with  electrical 
strain  gages  located  on  the  low-pressure  face  (Figure  7).  In  three 
tests  (v?indows  I,  M,  and  X),  where  such  measurements  were  performed,  it 
was  found  that  tensile  strains  were  building  up  on  the  internal  face  at 
the  end  of  each  relaxation  period;  i.e.,  the  strain  datum  value  prior 
to  each  load  cycle  was  increasing  in  the  positive  sense.  The  tensile 
strains  had  a  distribution  over  the  face  of  the  window  similar  to  the 
distribution  of  maximum  compressive  strains  at  the  end  of  each  load  cycle 
(Figures  56  and  57).  In  the  case  of  window  M,  this  buildup  of  tension 
on  the  inside  surface  caused  the  failure  of  the  window  —  apparent  from 
the  radial  cracks  that  developed  during  the  twenty-second  load  cycle 
(Figure  49).  After  several  days  of  relaxation,  the  cracks  in  window  M 
were  actually  widening  as  time  went  on  indicating  that  the  interior  face 
was  contracting. 

The  rate  of  buildup  of  the  tensile  strains  on  the  window's  interior 
face  increased  dramatically  with  magnitude  of  pressure  loading  during 
a  typical  pressure  cycle.  During  pressure  cycling  to  2,000  psi  (win¬ 
dow  I)  the  increase  in  tensile  strain  during  the  relaxation  period 
averaged  about  45  uin./in./load  cycles  performed  (Figure  58).  During 
pressure  cycling  to  5,000  psi  (window  X)  the  same  level  of  tensile 
strain  vras  reached  in  3  cycles  that  it  previously  took  40  cycles  to 
reach  during  the  cycling  to  2,000  psi.  Also,  at  5,000  psi,  the  increase 
in  tensile  strain  per  cycle  was  no  longer  linear  and  increasing  rapidly 
(Figure  59).  At  6,000  psi,  the  tensile  strain  built  up  even  more  rapidly 
(Figure  60).  The  data  were  somewhat  scattered,  but  it  was  apparent 
that  the  buildup  rate  was  more  than  twice  that  observed  during  the 
pressure  cycling  to  5,000  psi. 

The  specimen  tested  at  5,000  psi  (window  X)  had  only  one  strain 
gage  rosette  (at  the  apex)  so  that  no  information  was  obtained  about 
the  buildup  of  tensile  strain  at  ocher  locations.  Window  M,  which  was 
tested  at  6,000  psi,  however,  had  rosettes  also  at  locations  A  and  C 
in  addition  to  one  at  the  pole.  This  test  confirmed  the  results  from 
the  test  on  window  I  at  2,000  psi,  i.e.,  that  the  strain  builds  up  even 
faster  closer  to  the  window  flange  chan  at  the  apex.  The  data  from 
pressure  cycling  to  5,000  psi  (window  M)  show  appreciable  scatter  from 
cycle  CO  cycle.  It  is  not  known  why  this  occurred  but  a  contributing 
cause  may  have  been  chat  in  some  cases  the  pressure  vessel  was  closed 
off  during  the  relaxation  period  instead  of  being  connected  to  the 
constant  header  tank.  If  the  vessel  was  closed  off,  the  expansion  of 
the  w’indow  would  cause  some  buildup  of  pressure  in  the  vessel  which 
would  tend  to  counteract  the  relaxation.  Unfortunately,  no  record  was 
kept  of  the  times  that  this  was  done. 

For  window  I  the  cycling  at  2,000  psi  did  not  lead  to  changes  in 
the  maximum  strain  produced  during  each  separate  load  cycle;  i.e., 
the  strain  recorded  at  the  end  of  the  creep  period  minus  the  recording 
just  prior  to  pressurization  was  very  close  to  the  same  for  all  cycles 
(Figure  56  and  57). 
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The  same  behavior  was  observed  also  for  window  M  cycled  at  6,000 
psi  (Figure  60)  and  window  X  cycled  at  5,000  psi.  The  total  change 
of  strain  at  t’.ie  pole  of  window  M  was  about  0.030  in. /in.  with  a  in- 
dom  variation  of  less  than  2%  up  and  down.  The  total  change  of  l  rain 
at  the  pole  of  window  X  was  about  0.024  in. /in.  and,  again,  the  variation 
was  less  than  ±2%. 

Modifications  of  Seating  Arrangement 

After  moi-t  of  the  test  program  was  completed  but  during  the  initial 
stages  of  the  cyclic  tests,  it  became  apparent  that  the  cyclic  life  of 
che  Type  I  and  Type  VI  windows  would  be  substantially  less  than  antici¬ 
pated.  Compared  to  conical  frustum  windows  with  the  same  STOP,  the  cyclic 
fatigue  life  of  Type  I  and  Type  VI  windows  was  significantly  less. 

Cyclic  fatigue  primarily  consisted  of  circumferential  cracks  in  the 
bearing  surface  of  the  flange  and  secondarily  of  radial  cracks  in  the 
low-pressure  face  of  the  window.  To  improve  the  fatigue  life  of  the 
bearing  surface  on  the  flange,  it  was  decided  to  try  the  following 
modifications: 

(1)  Remove  0-ring  and  use  a  thin  neoprene  bearing  ,  isket  to  seal 
and  absorb  shear  strain. 

(2)  Remove  0-ring  groove  and  replace  the  rounded  heel  of  the  flange 
with  a  square  heel. 

(3)  Remove  flange  and  cylindrical  part  of  window. 

Only  a  very  limited  number  of  tests  were  perfoi..ied  on  each  modification. 

Effect  of  Neoprene  Bearing  Gasket.  To  reduce  the  shearing  force  on 
the  acrylic  plastic  in  contact  with  the  steel  surface,  a  soft  neoprene 
gasket  of  0.020-inch  thickness  was  bonded  to  the  bearing  surface  on  the 
window  flange.  The  gasket  consisted  of  nylon  cloth  coated  with  neopreni’ . 
The  0-ring  used  previously  for  sealing  was  removed  from  the  groove  in 
the  window  flange,  ard  the  gasket  was  placed  over  the  whole  bearing 
surfac  on  the  flange.  Before  assembly,  silicone  grease  was  applied  to 
the  steel  bulkhead  as  in  the  earlier  tests. 

Ti^o  tests  were  carried  out  with  this  arrangement.  The  first  was 
Type  I  window  Z,  subjected  to  two  standard  pressu^re  cycles  at  8,000  psi. 
The  effect  was  very  marked.  The  acrylic  plastic  bearing  surface  pro¬ 
tected  by  the  neoprene  gasket  was  only  slightly  damaged.  The  damage 
consisted  of  minor  crazing  of  the  bearing  surface,  reflecting  the 
pattern  -f  the  weave  in  the  gasket  plus  three  very  shallow  cracks 
(Figures  61  and  62).  In  contrast,  the  two  windows  tested  at  8,000  psi 
without  the  gaskfe"  (windows  K  and  BB)  suffered  through- ..he- thickness 
cracks  after  two  cycles.  The  crazing  and  small  cracks  in  the  seat  of 
window  Z  almost  disappeared  after  the  window  had  relaxed  for  14  days 
after  the  test  (Figure  63)  in  atmospheric  environment. 

On  the  other  hand,  the  deformation  of  the  window  having  the  neoprene 
gasket  was  not  significantly  changed  compared  to  the  deformation  of 
windows  seated  directly  on  steel.  In  the  linear  range  (up  to  approxi- 
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mately  4,000  psi)  the  strains  recorded  were  all  within  the  range  of 
earlier  tests.  (Compare  Figure  64  to  Figure  12.)  This  also  applied  to 
the  strains  recorded  at  pressures  above  4,000  psi  and  during  the  creep 
periods.  (Compare  Figure  64  to  Figure  34.) 

The  gasket  was  cut  during  the  vessel  cycling  to  8,000  psi.  Two 
cuts  were  found  in  the  circumferential  direction  at  the  inside  corner 
of  the  window  seat.  The  cuts  were  about  3  inches  long  and  located 
diametrically  opposite  each  other  (Figure  65) . 

The  second  window  tested  with  the  neoprene  gasket  was  Type  VI 
(window  Y).  This  window  had  previously  been  tested  for  119  hours  at 
2,000  psi  (Table  3).  A  neoprene  gasket  was  cut  radially  at  four  loca¬ 
tions  about  halfway  through  to  enable  its  being  slipped  over  the  window 
without  having  to  disconnect  the  strain  gage  wires.  This  time  the 
neoprene  gasket  was  not  bonded  to  the  window  flange,  but  was  coated 
with  silicone  grease  on  both  sides.  The  window  was  tested  at  2,000  psi 
for  7  hours,  and  strains  were  recorded  both  during  the  pressurization 
and  the  creep  period.  As  in  window  Z,  the  strains  in  the  window  were 
not  significantly  changed  by  the  presence  of  the  gasket  (Figure  66). 

Effect  of  Rounded  Flange  Heel.  Window  E  was  machined  down  about  1/4 
inch  to  remove  the  rounded  heel  and  the  0-ring  groove.  An  annular 
acryli..  plastic  disc  was  bonded  in  its  place  to  restore  the  original 
height  to  the  flange,  as  shown  in  Figure  67.  Finally,  the  window  was 
annealed  at  170“f  for  24  hours. 

The  modified  window @ was  subjected  to  10  standard  pressure  cycles 
at  2,000  psi  while  mounted  on  the  neoprene  gasket  and  one  standard  load 
cycle  at  2,000  psi  without  the  gasket  sealing  but  with  silicone  grease. 
Finally,  window@was  tested  at  room  temperature  for  7  hours  at  8,000 
psi,  again  with  no  gasket.  The  intentions  of  the  tests  were  to  determine 
whether  or  not  the  modifications  had  changed  (1)  strain  distribution  on 
the  interior  face  of  the  window,  (2)  buildup  of  tensile  strain  on  the 
interior  face  of  the  window  after  relaxation,  and  (3)  the  tendency  for 
the  bearing  surface  to  crack  under  high  loading. 

The  change  in  strain  distribution  without  a  gasket  as  measured 
after  7  hours  at  2,000  psi  was  quite  marked  near  the  heel  of  the  window 
while  the  strain  at  the  apex  was  changed  very  little  (Figure  68).  As 
expected,  the  distribution  of  meridional  strain  became  more  uniform. 

The  10  cycles  with  a  gasket  seal  produced  a  stv'idy  buildup  of 
tensile  strain  in  the  interior  face  of  the  dome  (Figure  69).  The  rate 
of  buildup  was  similar  to  that  measured  earlier  in  Type  I  window  I 
tested  at  2,000  psi  without  gasket  (Figure  58). 

In  the  final  test  consisting  of  one  standard  cycle  at  8,000  psi, 
no  gasket  was  used.  The  window  performed  normally  until  the  pressure 
reached  about  500  psi  during  depressurization  at  the  end  of  the  load 
period.  At  that  time  several  load  cracks  were  heard.  On  inspection 
afterwards,  it  was  seen  that: 

(1)  the  seat  was  in  good  condition  with  only  moderate  crazing  and 
some  small  circumferential  half-moon  cracks  less  than  1/16  inch  deep.  No 
spalling  had  taken  place  on  the  sharp  flange  heel  (Figure  70) . 
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(2)  The  window  had  cracked  radially  ir  the  meridional  direction 
on  the  inside  of  the  dome  (Figure  51) . 

It  may  be  concluded  that  a  square  inside  seat  edge  improves  the 
life  of  the  window  seat,  while  the  effect  on  the  tendency  for  the  dome 
to  crack  is  probably  small  or  absent. 

Effect  of  Flange  Removal.  Window  I  was  machined  down  so  that  the 
entire  flange  was  removed  as  shown  in  Figures  71  and  72. 

The  modified (D window  was  then  cycled  four  times  to  2,000  psi.  The 
first  and  the  fourth  cycle  consisted  of  23  hours  under  pressure  followed 
by  at  least  17  hours  of  relaxation.  In  the  second  and  third  cycles,  the 
pressure  was  held  for  7  hours.  At  the  end  of  the  23-hour  load  period  of 
the  fourth  loading,  the  pressure  was  raised  to  8,000  psi  and  held  at  that 
level  for  6-1/2  hours.  After  17  hours  of  relaxation,  window (l) was  finally 
pressurized  once  more  to  8,000  psi  for  7  hours.  At  2,000  psi,  the  win¬ 
dow  deformed  uniformly  over  most  of  the  dome.  At  the  edge,  the  meridional 
strain  increased  somewhat  compared  to  the  level  at  the  apex.  The  circum¬ 
ferential  strain  at  the  edge  was  slightly  lower  than  at  the  apex 
(Figure  73).  This  distribution  is  quite  different  from  the  distribution 
in  typical  Type  I  flanged  window. 

After  the  two  cycles  to  8,000  psi,  window(l)was  removed  from  the 
vessel  for  inspection.  The  findings  were:  (1)  the  seat  was  still  in 
good  condition  —  no  cracks  and  only  very  slight  crazing  (Figures  74  and  75), 
and  (2)  the  plane  seat  was  permanently  deformed  (Figure  76)  to  form  a 
conical  surface  similar  to  that  observed  in  flanged  windows  (Figure  22). 

The  test  was  too  short  to  give  firm  data  on  any  buildup  of  tensile 
strain  on  the  interior  face. 


DISCUSSION  OF  FINDINGS 
Short-Term  Critical  Pressure  (STCP) 

Findings. 

(1)  The  average  STCP  of  Type  I  windows  at  70°F  was  14,310  psi  while 
the  average  STCP  of  Type  VI  windows  at  70°F  was  14,700  psi.  The  differ¬ 
ence  between  the  two  values  is  statistically  insignificant,  and  the 
average  of  all  short-term  window  tests  (that  is,  14,500  psi)  is  consid¬ 
ered  to  be  the  STCP  for  both  types  of  windows. 

(2)  The  failure  of  the  windows  on  reaching  the  STCP  was  catastro¬ 
phic.  The  window  failed  by  plastic  instability  of  an  area  on  the  window 
located  between  the  flange  and  the  apex.  The  implosion  caused  complete 
fragmentation  of  the  window.  The  formation  of  the  flat  spots  on  the 
windows  (typical  of  plastic  instability  failure)  was  reflected  in  the 
strain  distribution  on  the  interior  face  of  the  windows.  Whereas  the 
strain  distribution  was  S5nnmetric  about  the  apex  at  lower  hydrostatic 
loadings,  the  distribution  became  unsymmetric  prior  to  catastrophic 
failure. 


17 


(3)  The  flange  of  the  windows  sheared  from  the  dome  before  or  during 
catastrophic  failure  at  STCP. 

Discussion.  Short-term  critical  pressure  tests  of  hemispherical 
windows  were  reported  previously  for  flangeless  (Reference  8)  and  flanged 
(Reference  14)  configurations.  Compared  to  the  predicted  STCP  based  on 
previously  published  data  for  flangeless  hemispherical  windows,  the 
STCP  of  the  present  windows  is  about  5%  lower.  A  reduction  of  the  STCP 
of  flanged  windows  when  compared  to  flangeless  windows  in  the  higher 
t/Rj[  range  has  been  previously  reported  (Reference  14)  .  This  indicates 
that,  for  t/Rj[  0.25,  flanged  windows  may  have  a  lower  STCP  than  similar 
windows  without  a  flange  (Figure  77).  Since  the  comparison  is  based  on 
tests  carried  out  at  different  times  on  windows  of  different  manufacture, 
firm  conclusions  on  this  point  cannot  be  drawn.  The  reason  for  the 
seemingly  lower  STCP  of  flanged  windows  as  compared  to  flangeless  win¬ 
dows  is  probably  the  increase  in  meridional  edge  bending  moment  caused 
by  the  rounded  heel  of  the  equatorial  flange. 

It  has  been  shown  previously  that  thick-wall  spherical  windows  fail 
catastrophically  by  plastic  instability  of  the  dome  (References  8  and  14). 
The  windows  wj cV.  thinner  walls  fail  by  elastic  buckling,  and  the  transi¬ 
tion  between  the  two  modes  of  failure  is  found  to  be  at  t/R^^  ratios  of 
approximately  0.09.  The  present  tests  confirm  that  at  t/Ri  =  0.364,  the 
failure  is  caused  by  plastic  instability  of  the  dome. 

It  can  also  be  shown  theoretically  that  a  thick-wall  spherical 
window  attains  complete  plasticity  through  its  wall  thickness  before 
it  fails.  Using  Lame's  equations  for  thick-wall  hollow  spheres  subjected 
to  external  hydrostatic  pressure,  it  is  seen  that  as  the  external 
pressure  increases,  the  material  at  the  inner  face  of  the  sphere  reaches 
its  yield  point  first.  If  the  pressure  is  raised  further,  yielding 
extends  deeper  and  deeper  into  the  wall  until  finally,  yielding  reaches 
the  outer  surface. 

By  making  two  simplifying  assumptions,  the  external  pressure  at 
which  the  whole  wall  becomes  plastic  can  be  estimated.  The  assumptions 
are:  (1)  the  distribution  of  radial  stress  is  not  affected  by  the  yield¬ 

ing  of  the  material  (i.e.,  it  can  be  calculated  based  on  elastic  theory); 
and  (2)  once  the  yield  point  is  reached,  the  material  will  not  support 
higher  stresses,  but  continues  to  support  the  same  stress  independent 
of  further  increase  in  strain. 

Using  these  assumptions,  the  Lame's  equation  can  be  applied  to 
predict  conservatively  the  pressure  P^,  at  which  complete  plasticity  is 
reached  during  short  term  pressurization.  The  formula  becomes: 

(1  +  a)(l  -  g^) 
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where  a 


=  1/(1  +  t/R^) 

a  =  yield  stress  of  material  in  uniaxial  compression  under 
^  short  term  loading 

t  =  wall  thickness  of  sphere 
=  internal  radius  of  sphere 

The  equation  has  been  plotted  for  a  yield  stress  of  18,000  psi,  typical 
of  Plexiglass  G  acrylic  plastic  used  in  the  fabrication  of  flanged  win¬ 
dows  (Figure  77).  It  can  be  seen  that  the  result  is  nearly  a  straight 
line  falling  below  all  the  experimental  points  for  t/R^  >  0.1. 

For  experimental  points  with  t/Rjj^  _<  0.1,  the  complete  plasticity 
curve  lies  above  the  experimental  points  indicating  that  elastic 
instability  and  not  plasticity  is  the  cause  of  failure  in  these  cases. 

It  can  be  stated  therefore,  that  for  hemispherical  windows  with  a 
t/Ri  >  0.15  the  as  calculated  by  the  above  equation  (using  the 
appropriate  Oy  value  for  the  ambient  temperature)  gives  a  conserva¬ 
tive  estimate  of  the  STCP  of  these  windows. 

Long-Term  Critical  Pressure 

Findings. 

(1)  Wo  significant  difference  was  found  between  the  long-term  life 
of  the  Type  I  and  Type  VI  windows  (Figure  17). 

(2)  Above  8,000  psi  of  external  pressure  loading  (55%  of  STCP)  the 
life  of  the  windows  decreased  rapidly  with  increasing  pressure,  approach¬ 
ing  only  a  few  hours  at  10,000  psi. 

(3)  The^maximum  external  pressure  loading  at  which  the  windows  still 
retain  the  10  minutes  minimum  static  fatigue  life  required  of  man-rated 
windows  (Reference  15)  was  extrapolated  to  be  approximately  5,800  psi. 

(4)  The  failure  of  the  windows  subjected  to  long-term  loading  was 
catastrophic  in  all  cases  with  extensive  fragmentation. 

(5)  Prior  to  failure,  extensive  plastic  deformation  had  taken  place 
in  the  windows  increasing  the  wall  thickness  by  about  25%  immediately 
above  the  flange  and  decreasing  the  interior  diameter  at  the  flange  by 
about  10%  (windov7s  R  and  J,  Figures  25,  26,  and  78). 

Discussion.  It  is  evident  from  the  large  spread  in  the  results  that 
at  pressures  above  about  65%  of  the  STCP,  the  windows  become  increasingly 
sensitive  to  variations  in  factors  affecting  their  load-carrying  capacity. 


19 


Tests  were  not  conducted  to  investigate  this  point  further.  However, 
since  a  similar  spread  in  results  was  not  observed  for  the  STCP,  the 
spread  in  long-term  critical  pressures  is  probably  tied  to  long-term 
variables  in  the  tests.  One  such  variable  was  sustained  external  pressure 
loading.  Because  of  a  relatively  large  ratio  of  window  displacement  to 
pressure  vessel  volume,  there  were  problems  in  maintaining  a  constant 
test  pressure  during  the  high-pressure  tests.  Typically,  the  pressure 
would  be  restored  each  hour  during  the  daytime  but  not  at  night.  To 
compensate  for  this,  an  estimated  average  pressure  was  worked  out  for 
each  test,  but  this  procedure  had  obvious  deficiencies. 

Another  long-term  test  variable  was  the  ambient  temperature,  which 
changed  somewhat  from  test  to  test.  Although  the  difference  was  gener¬ 
ally  less  than  5°F,  the  effect  on  the  creep  properties  of  the  material 
was  significant.  Published  data  from  other  studies  indicates  that  a 
5°F  variation  in  ambient  temperature  can  change  the  fatigue  life  of 
an  acrylic  structure  by  a  factor  of  at  least  10  and  possibly  15  (Refer¬ 
ence  16). 

The  fact  that  the  window  walls  increased  in  thickness  by  as  much 
as  25%  during  the  long-term  critical  pressure  tests,  further  substantiates 
the  postulate  made  before  that  the  window  wall  is  completely  plasticized 
before  failure  takes  place  (Figure  26). 


Cyclic  Fatigue  Life 

Original  Design  Findings. 

(1)  Both  types  of  windows  exhibited  signs  of  fatigue  at  hydrostatic 
pressures  at  less  than  15%  of  their  short-term  critical  pressure.  The 
failures,  defined  here  as  leakage  through  cracks,  occurred  in  less  than 
100  cycles  of  the  standard  load  cycles  at  30%  of  their  short-term 
critical  pressure. 

(2)  The  first  sign  of  fatigue  was  circumferential  crazing  marks  on 
an  annular  bearing  area  between  the  0-ring  groove  and  the  heel  of  the 
flange  (Figure  62),  except  for  one  case  where  a  crack  started  from  the 
0-ring  groove  before  any  crazing  had  developed. 

(3)  If  cycling  continued  after  appearance  of  crazing  on  the  window 
seat,  the  crazing  increased  until  eventually  actual  cracks  were  formed. 
The  cracks  always  ran  in  the  circumferential  direction,  sometimes  in 

the  0-ring  groove  but  more  often  in  the  bearing  surface  between  the 
heel  of  the  flange  and  the  0-ring.  The  cracks  typically  had  a  mush¬ 
room  shape  (Figures  39,  40,  and  41). 

(4)  Under  moderate  cyclic  loading  of  up  to  5,000  psi  external 
pressure,  both  crazing  and  cracks  in  the  seat  grew  slowly  once  they 
had  formed  and  did  not  render  the  window  incapable  of  sealing  in  less 
than  30  load  cycles.  At  cyclic  loading  of  6,000  psi,  cracks  grew 
noticeably  faster  with  each  cycle;  but  even  so,  the  window  sustained 
20  cycles  without  leaking. 


20 


(5)  At  severe  cyclic  loading  of  8,000  psi,  the  rate  of  crack 
propagation  was  greatly  increased.  Only  two  cycles  were  needed  at  this 
pressure  for  the  cracks  to  propagate  through  the  flange  to  the  outside 
and  hence  cause  a  low-pressure  leak  (Figures  54  and  55). 

(6)  Cracks  were  found  in  the  bearing  surfaces  of  windows  that  im¬ 
ploded  during  the  first  standard  cycle  (Figure  25).  The  cracks  must 
therefore  have  formed  while  the  windows  were  under  sustained  pressure 
and  not  during  relaxation  periods. 

(7)  Cycling  of  the  windows  caused  a  step-wise  buildup  of  tensile 
strain  on  the  interior  face  of  the  spherical  dome  during  relaxation 
after  each  load  period.  The  magnitude  of  tensile  strain  recorded  during 
relaxation  periods  between  individual  pressure  cycles  was  found  to  be  a 
nonlinear  function  of  pressure  and  number  of  load  cycles  sustained.  In 
both  cases,  the  magnitude  of  tensile  strain  increased  faster  than  the 
maximum  pressure,  or  the  number  of  load  cycles.  The  tensile  strain  also 
built  up  faster  in  the  areas  where  the  compressive  strains  were  the  high¬ 
est  during  the  loading  period  (Figures  58,  59,  and  60). 

(8)  In  one  case  the  buildup  of  tensile  strain  was  the  cause  of 
severe  cracking  of  the  window's  concave  surface.  The  cracking  occurred 
as  the  pressure  was  approaching  zero  during  depressurization  after  22 
standard  load  cycles  at  6,000  psi  with  the  magnitude  of  tensile  strain 
estimated  at  about  0.050  in. /in.  (Figures  49  and  50). 

(9)  Fatigue  cracking  did  not  cause  catastrophic  failure  of  any 
window  during  cyclic  load  testing.  In  the  worst  case,  the  windows 
leaked  after  the  pressure  had  been  relieved.  (This  seems  reasonable 
because  cracking  at  the  seat  is  not  a  part  of  the  STOP  failure  mode 
of  the  window. ) 

Original  resign  Discussion.  In  view  of  the  above  findings,  the 
fatigue  life  of  a  window  must  be  taken  as  either  the  number  of  cycles 
taken  to  produce  the  first  crack  or  the  number  of  cycles  taken  to  pro¬ 
duce  a  leak.  The  criteria  chosen  may  depend  on  the  application  of  the 
windows.  For  man-rated  applications,  the  first  criterion  should  be 
used;  for  example,  the  fatigue  life  of  a  window  used  in  a  man-rated 
chamber  is  the  number  of  cycles  sustained  by  the  window  when  the  first 
crack  appears  anywhere  in  the  window  (Figures  79  and  80). 

Due  to  the  scatter  in  the  data  and  the  limited  number  of  cyclic 
tests  performed,  it  is  not  possible  to  establish  a  firm  fatigue  life 
for  the  windows.  The  recommended  course  of  action  at  the  present  time 
is  to  inspect  the  windows  after  each  pressurization  in  excess  of  1,000 
psi  and  replace  any  window  immediately  that  shows  signs  of  fatigue. 

Modified  Design  Findings.  Improved  fatigue  life  was  obtained  by 
each  of  the  following  modifications: 

(1)  Use  of  0. 020-inch-thick  neoprene  gasket  between  the  v;indow 
and  the  steel  flange. 
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(2)  Removal  of  the  0-ring  groove  and  replacing  the  rounded  heel 
of  the  flange  with  a  square  heel. 

(3)  Removal  of  the  flange  to  make  the  window  a  true  hemispherica] 

dome. 

The  limited  number  of  tests  available  did  not  allow  determination  of 
quantitative  improvement  obtainable  by  each,  or  by  a  combination  of  these 
modifications. 

Modified  Design  Discussion.  The  original  Type  I  and  Type  VI  de  ign 
is  not  suitable  for  cyclic  loading  except  at  pressures  below  1,000  psi 
at  75  F.  If  the  original  designs  were  to  be  used.  Type  VI  would  probably 
give  the  longest  life. 

If  the  flanges  are  to  be  retained,  it  is  required  that  for  cyclic 
loading  above  1,000  psi  both  the  0-ring  groove  and  the  rounded  heel  of 
the  flange  be  removed  and  that  a  thin,  soft,  nylon-fiber-reinforced  neo¬ 
prene  gasket  be  installed  underneath  the  window's  bearing  surface  to 
absorb  the  shear  strain  at  the  steel/window  interface.  To  find  what 
the  improved  cyclic  fatigue  life  is  if  these  modifications  are  incorpora¬ 
ted  into  Type  I  and  Type  VI  windows,  a  series  of  new  tests  would  have  to 
be  carried  out.  These  tests  should  be  designed  not  only  to  check  the 
effect  on  the  bearing  surface  of  the  window,  but  also  the  buildup  of 
strain  on  the  interior  surface  of  the  window  at  the  apex,  as  it  is 
postulated  that  this  will  be  the  limiting  factor  of  the  cyclic  fatigue 
l:'fe  in  the  modified  desig*'.  By  incorporating  the  above-mentioned 
modifications  an  adequate  fatigue  life  (1,000  cycles  without  leakage)  is 
predicted  for  operational  pressures  to  2,000  psi. 

Removal  of  the  flange  improves  the  cyclic  fatigue  li^'e  signif ican' ly 
both  for  the  bearing  surface  and  the  interior  face  a^  the  apex.  Although 
the  improvement  in  cyclic  fatigue  life  has  not  bean  quantitatively 
established  for  flangeless  windows  it  is  conservatively  estimated  to  be 
in  excess  of  2,500  psi  at  75°F. 

As  stated  above,  the  fatigue  life  of  the  windows  is  limited  by 
cracking  c*  he  bearing  surface  on  the  flange  and  the  interior  face  of 
the  dome.  Both  conditions  have  been  observed  by  earlier  investigators 
[8,10]. 

The  cracking  of  the  bearing  surface  on  the  flange  is  undoubtedly 
tied  to  the  differential  motion  taking  place  at  tit  window/steel  inter¬ 
face  during  the  sustained  pressure  phase.  The  natural  remedy  for  this 
problem  is,  therefore,  to  enable  the  window  to  slide  with  the  least 
possible  resistance.  Hence,  the  neoprene  gasket  was  tried.  It  is 
possible  that  even  better  results  could  be  obtained  using  other  materials, 
such  as  polycarbonate  which  has  been  successfully  incorporated  in  the 
NEMO  Mod  2,000  [17].  The  polycarbonate  insert  not  only  is  capable  of 
absorbing  the  shear  strain  to  a  much  larger  degree  than  the  acrylic,  but 
should  it  crack,  only  the  insert  needs  to  be  changed  and  not  the  whole 
window.  Whatever  material  is  used  for  the  insert,  it  has  to  be  either 
sufficiently  stiff  or  sufficiently  thin  to  prevent  its  being  pushed 
into  the  window  cavity  by  external  hydrostatic  pressure. 
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The  problem  of  cracking  on  the  interior  face  of  the  window  due  to 
buildup  of  tensile  strain  is  more  difficult  to  explain  and  to  remedy. 
Probably,  this  phenomenon  is  a  result  of  the  loading  conditions,  the 
geometry  of  the  window  and  the  physical  properties  of  acrylic  plastic. 

If  the  dome  had  been  made  from  steel,  the  stress  (effective  von  Mise's) 
at  the  inner  face  would  have  been  about  2.5  times  higher  than  the  stress 
at  the  outer  face.  If  the  dome  was  overpressurized,  the  steel  at  the 
inner  face  would  yield.  During  depressurization,  the  plastically 
deformed  interior  face  would  therefore  not  be  able  to  expand  as  much  as 
required  by  the  material  at  larger  radii  that  had  been  deformed  only 
elastically.  Releasing  the  pressure,  therefore,  generates  tensile 
stresses  in  the  interior  face  of  the  dome. 

In  the  acrylic  plastic  dome  the  mechanism,  although  similar,  is 
complicated  by  the  time,  temperature,  and  stress-dependent  properties  of 
the  material.  Because  of  the  viscoelastic  property  of  acrylic  elastic 
tensile  stress  may  be  generated  on  the  inner  face  of  the  window  during 
depressurization  even  though  the  hydrostatic  loading  was  not  of  sufficient 
magnitude  to  deform  the  material  on  the  inner  face  permanently.  Thus, 
in  the  acrylic  plastic,  a  sudden  release  of  pressure  is  likely  to  cause 
higher  tensile  stresses  on  the  inner  face  than  a  slow  release,  as  the 
rate  of  relaxation  for  the  inner  face  is  slower  than  for  the  outer  face 
that  is  subjected  to  a  viscoelastic  strain  of  lesser  magnitude.  Also, 
the  duration  of  the  sustained  loading,  the  length  of  the  relaxation, 
and  ambient  temperature  influence  the  magnitude  of  tensile  stresses 
during  relaxation. 

Deformations 

Original  Design  Findings. 

(1)  The  interior  surface  of  the  windows  at  the  apex  deformed 
elastically  up  to  at  least  0.020  in. /in.  of  compressive  strain.  Relaxa¬ 
tion  from  this  strain  level  was  about  99%  complete  in  10  hours  after 
release  of  pressure. 

(2)  Polar  strains  (interior  surface  at  the  apex)  of  0.0020  in. /in. 
magnitude  were  attained  at  about  6,250  psi  of  external  pressure  during 
short-term  loading  (650  psi/minute  rate).  During  long-term  loading, 
this  strain  level  was  reached  in  less  than  1  hour  at  5,000  psi,  while 

at  4,000  psi  the  same  strain  level  was  reached  only  after  262  hours.  At 
sustained  hydrostatic  loading  of  2,000  psi,  this  strain  level  would 
definitely  not  be  reached  in  less  than  10,000  hours. 

(3)  Permanent  deformation  of  the  material  at  the  bearing  surface 
of  the  window's  flange  occurred  even  when  no  permanent  deformation 
took  place  elsewhere.  In  all  cases  of  permanent  deformation  in  the 
flange,  the  deformation  was  such  as  to  change  the  bearing  surface  from 
a  plane  surface  into  a  slightly  conical  surface  having  an  imaginary 
apex  inside  the  window  cavity.  The  onset  of  permanent  deformation  of 
this  type  was  observed  in  the  windov;  loaded  at  2,000  psi  of  hydro- 
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static  pressure  for  269  hours  at  75°F.  The  deformation  was  very  slight, 
being  hardly  measurable-  On  the  other  hand,  in  a  window  subjected  to 
hydrostatic  loading  of  8,000  psi  for  312  hours,  the  bearing  surface  of 
the  window  was  defornned  approximately  4  degrees  (Figure  22). 

(4)  In  the  elastic  strain  region,  the  internal  window  surface  of 

the  windows  at  he  apex  deformed  uniformly  with  the  same  strains  in  all 
directions.  Comparing  the  measured  strain  in  this  area  with  the  theoreti¬ 
cal  value  for  the  interior  face  of  a  thick-wall  hollow  sphere  (Lame's 
equation  with  u  =  0.4  and  E  =  400,000  psi),  the  measured  value  was 

found  to  be  about  18%  smaller  than  the  theoretical  (Figure  81) .  This 
indicates  that  the  effect  of  restraint  imposed  by  the  flange  is  almost 
damped  out  in  this  area.  The  equatorial  area  of  the  w’indow  also 
deformed  uniformly  in  the  circumferential  direction.  In  the  meridional 
direction  on  the  other  hand,  the  strain  changed  substantially,  reflecting 
the  effect  of  flange  restraint.  Moving  from  the  apex  towards  the  edge, 
the  meridional  strains  decreased;  at  the  same  time,  the  circumferential 
strains  increased.  This  behavior  is  probably  due  to  the  outward  bending 
movement  at  the  edge  caused  by  the  rounded  heel  of  the  flange.  The 
deformed  shape  of  the  window  is  postulated  to  be  as  shown  in  Figure  82. 

(5)  Under  extreme  loading,  the  deformation  of  the  window  inevitably 
would  also  become  nonuniform  at  the  apex  and  in  the  circumferential 
direction  elsewhere.  This  was  substantiated  by  the  formation  of  flat 
spots;  and,  unless  the  pressure  was  reduced,  the  window  failed 
catastrophically.  If  the  pressure  was  maintained,  the  windows  would 
implode  when  the  compressive  strain  on  the  interior  surface  at  the  apex 
reached  a  magnitude  of  0.080  to  0.10  in. /in.  The  strains  at  the  flat 
spot  were  often  even  higher,  possibly  more  than  double,  as  indicated  by 
the  data  from  one  test  (Figure  31). 

Modified  Design  Findings. 

(1)  The  introduction  of  a  thin  neoprene  gasket  between  the  window 
and  the  steel  led  to  a  slight  increase  of  strain  on  the  dome  of  the 
window  (Figure  66). 

(2)  The  replacement  of  the  rounded  heel  with  a  square  heel  in 
window led  to  a  much  more  even  distribution  of  meridional  strains  on 
the  inside  of  the  window.  The  meridional  and  the  circumferential  strains 
also  became  more  equal,  particularly  near  the  heel  of  the  flange 
(Figure  68). 

(3)  The  total  removal  of  the  whole  flange  led  to  a  remarkable 
change  in  the  deformation  of  the  window.  Window(l);  now  a  true  hemisphere 
with  no  wall-thickness  variation,  deformed  quite  evenly  from  the  apex 

to  the  equator  (Figure  83).  The  ratio  of  the  highest  to  the  lowest 
compressive  strain  measured  on  the  interior  face  of  the  window  was  now 
1.3  (compared  to  1.8  for  the  window  with  rectangular  heel  on  the  flange 
and  12  for  the  original  geometry  with  well-rounded  heel). 
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SUMMARY  OF  FINDINGS 


The  maximum  safe  working  pressure  of  a  hemispherical  window  with 
equatorial  flange  is,  as  has  been  experimentally  determined  previously 
for  other  window  shapes,  a  function  of  short-term  critical  pressure,^ 
long-term  critical  pressure,  and  cyclic  fatigue.  For  flanged  hemispheres 
with  a  t/Rji^  =  0.364,  the  short-term  critical  pressure  at  75  F  has  been 
found  to  be  14,500  psi;  long  term  critical  pressure,^  6,000  psi;  and 
cyclic  fatigue  life,*^  1,000  psi.  No  significant  difference  was  found 
in  the  performance  of  windows  with  Type  I  or  Type  VI  flanges. 

The  primary  effects  of  cyclic  fatigue  is  in  the  form  of  circum.fer- 
ential  cracks  that  develop  on  the  bearing  surface  of  the  flange  at 
approximately  1,000-psi  cyclic  pressure  loading  level.  If  stress  dis¬ 
continuities  in  the  foirm  of  0-ring  grooves  on  the  bearing  surface  are 
eliminated  and  the  effect  of  shear  loading  on  the  bearing  surface 
ameliorated  by  use  of  neoprene  bearing  gaskets,  the  effects  of  cyclic 
fatigue  on  the  bearing  surface  can  be  eliminated  at  cyclic  pressure 
loadings  ^4,000  psi. 

Raising  the  cyclic  fatigue  life  threshold  on  the  bearing  surface 
from  1,000  psi  to  4,000  psi  pressure  does  not,  however,  raise  the  over¬ 
all  cyclic  fatigue  life  of  the  flanged  window  to  4,000  psi  since  now 
the  secondary  effects  of  cyclic  fatigue  on  other  areas  of  the  window 
become  the  factor  controlling  the  overall  cyclic  fatigue  life. 

The  secondary  effects  of  cyclic  fatigue  in  the  form  of  meridional 
cracks  become  apparent  on  the  concave  face  of  the  window  at  pressure 
loadings  >2,000  psi.  These  cracks  are  caused  by  tensile  strains  found 
on  the  concave  face  of  the  window  during  relaxation  phases  of  pressure 
cycles.  The  magnitude  of  tensile  strains  in  flanged  windows  are  a 
function  of  t/R.  ratio  and  the  magnitude  of  compressive  creep  during 
the  loading  phases  of  pressure  cycles.  Since  the  t/K±  ratio  is  a 
geometrical  and  the  magnitude  of  creep  a  physical  constant,  little  can 
be  done  to  decrease  their  effect  on  the  generation  of  tensile  strains 
on  the  concave  face  of  the  window  during  relaxation  phases  of  pressure 
cycles.  Thus,  the  secondary  effects  of  cycling  fatigue  in  the  form  of 
meridional  cracks  on  the  concave  face  of  the  window  become  at  2,000-psi 
loading  level  the  limiting  factor  on  the  fatigue  life  of  the  flanged 
hemispherical  window. 


^Short  term  critical  pressure  —  pressure  at  which  catastrophic  failure 
of  window  occurs  when  pressurized  at  650  psi/minute  rate. 

^Long  term  critical  pressure  —  sustained  pressure  at  which  catastrophic 
failure  of  window  occurs  after  uninterrupted  sustained  loading  of  10^- 
minute  duration. 

Cyclic  fatigue  life  —  cyclically  applied  pressure  (7  hours  sustained 
loading  followed  by  17  hours  of  relaxation  at  0  psi)  that  will  initiate 
cracks  in  the  window  after  1,000  pressure  cycles. 
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The  ratio  of  1:0.414:0.138  (14,500  psi:6,000  psi:2,000  psi)  between 
short-term  critical  pressure,  long-term  critical  pressure  and  cyclic 
fatigue  pressure  established  experimentally  in  this  study  for  flanged 
hemispherical  windows  with  t/Rj^  =  0.364  seated  on  neoprene  gaskets  is 
also  applicable  conservatively  to  similar  windows  with  t/Rj^  <  0.364. 

For  flanged  hemispherical  windows  with  t/Rjj^  >  0.364  the  above  ratio 
probably  applies  also,  but  not  on  the  conservative  side. 


CONCLUSIONS 

Flanges  <  n  acrylic  plastic  windows  of  hemispherical  shape  do  not 
affect  significantly  their  short-term  critical  pressure;  however,  they 
seriously  decrease  their  static  and  cyclic  fatigue  life,  l^hen  such 
windows  with  t/Rj;  =  0.364  are  mounted  on  thin  neoprene  bearing  gaskets, 
they  can  be  subjected  safely  in  the  65-75  F  temperature  range  to  a  maxi¬ 
mum  working  pressure  of  2,000  psi,  which  is  approximately  equal  to 
one-seventh  of  the  window's  short-term  critical  pressure. 


RECOMMENDATIONS 

To  maximize  the  cyclic  and  static  fatigue  life  of  flanged  hemispher¬ 
ical  windows,  the  following  precautions  must  be  taken  in  their  design, 
fabrication,  and  installation. 

Design 

Since  the  cyclic  fatigue  life  of  a  flanged  window  is  primarily 
determined  by  the  appearance  of  cracks  on  the  bearing  surface  of  the 
flange,  special  attention  must  be  paid  to  the  design  of  the  flange.  To 
decrease  the  magnitude  of  bending  movements  in  the  flange,  the  instep 
of  the  flange  must  have  a  generous  radius  while  the  heel  must  approach 
the  shape  of  a  square  edge.  No  discontinuities  like  0-ring  grooves  can 
be  tolerated  on  the  bearing  surface  of  the  flange  as  they  tend  to  act 
as  crack  initiators.  The  maximum  working  pressures  at  which  acrylic 
hemispherical  windows  with  Type  I  or  Type  VI  flanges  can  probably  be 
safely  operated  are  shown  in  Table  6. 

Fabrication 

Appearance  of  cracks  in  the  bearing  surface  of  the  flange  can  be 
delayed  significantly  by  following  up  the  machining  process  with  polish¬ 
ing.  After  polishing,  the  whole  window  must  be  annealed,  preferably  at 
175°F  for  22  hours. 
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Table  6.  Maximum  Recommended  Working  Pressures  for  Hemispherical 
Windows  With  Type  I  and  Type  VI  Equatorial  Flanges 


Temperature 

Ranges 

(°F) 

Maximum  Working  Pressures^ 

<50 

0.167  X  short-term  critical  pressure 

^75 

0.143  X  short-term  critical  pressure 

<100 

0.111  X  short-term  critical  pressure 

<125 

0.091  X  short-term  critical  pressure 

<150 

0.059  X  short-term  critical  pressure 

*^Short-term  critical  pressure  is  established  by 
pressurizing  the  window  at  650  psi/minute  rate 
and  75  F  ambient  environment  until  explosive 
implosion  of  the  window  takes  place. 

Installation 

The  surface  of  the  steel  seat  in  the  pressure  vessel  must  have  at 
least  a  c3  rms,  and  preferably  32  rms  finish.  A  ;hin  neoprene-coated 
nylon  gasket  (Fairprene  5722A  or  equal)  must  be  bonded  with  polyvinyl 
resin  glue  (Pliobond  or  equal)  to  the  bearing  surface  of  the  window 
flange.  The  steel  seat  must  be  liberally  coated  v;ith  silicone  grease 
(Dow  Corning  No.  4)  prior  to  placement  of  the  gasketed  window.  Although 
the  bearing  gasket  serves  adequately  as  a  seal,  an  0-ring  is  placed 
around  the  circumference  of  the  flange  to  act  as  a  secondary  seal 
(Figure  84).  A  retaining  ring  placed  around  the  flange  is  dimensioned 
to  compress  simultaneously  both  the  window  flange  and  the  0-ring  sea] . 
The  bolts  holding  down  the  retaining  ring  must  be  of  adequate  size  and 
tensile  strength  to  retain  the  window  against  accidental  internal 
pressurization  of  the  hemispherical  window  to  0.05  times  short-term 
critical  pressure. 
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Section  A-A 


Figure  3.  Type  VI  flanged  hemispheres  used  as  test  specimens  in  the 
experimental  test  program. 
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(b)  Forcing  the  material  through  the  female  die. 


Figure  4 


Thermoforming  of  flanged  hemispheres  for  the  experimental 
test  program. 
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Figure  5.  Typical  cross  section  of  thermoformed  windows  prior  to 
machining. 
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Figure  9 


Retaining  rubber  bands  for  testing  of  windows  in  9.5-inch- 
diameter  pressure  vessel. 
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Test  temperature;  65-7 5°l’ 

Rate  of  pressurization:  650  psi/min 
As-erage  of  six  windows;  Type  I  and  VI 


ConipfCMlvc  Stntlii  (in./ln.  x  10  )  ^  NormiillxctlConiprcMlvc 


Compressive 


Hydrostatic  Pressure  (psi  x  10^) 


Compressive  Circumferential  Strain  (in./in.  x  10'^) 


Figure  15.  Magnitude  of  nonlinearity  in  strains  measured  on  the  interior 
face  of  Type  I  window  J  during  short-term  pressurization  at 
74°F  to  10,000  psi. 
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I•ressuri^..tion  0-2,000  psi - -  - - Creep  at  2,000  psi - -  -Relaxation  at  0  Pressur^ 
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100,000 


Figure  17.  Long-term  critical  pressures  of  Type  I  and  Type  VI  windows 
tested  to  catastrophic  failure  under  sustained  hydrostatic 
loading  at  65-7 5°F  ambient  temperature. 


Figure  18.  Window  H,  Type  I  after  153  hours  of  sustained  pressure  loading 
at  8,000  psi;  note  the  separation  of  flange. 
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Figure  19.  Window  J,  Type  I  after  3  hours  of  sustained  pressure  loading 

at  10,000  psi;  note  the  undistorted  flange  fragments  indicating 

that  they  broke  off  immediately  after  pressurization,  before 

the  window  deformed  plastically.  -  * 
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Figure  22.  Window  U,  Type  VI  after  312  hours  of  sustained  pres'^ure  loading 
at  8,000  psi;  note  that  (a)  the  flange  has  separated  even 
though  the  window  did  not  implode  yet  and  (b)  the  bearing 
surface  on  the  window  has  deformed  plastically  giving  it  the 
appearance  of  a  very  shallow  cone. 


Figure  23.  Same  window  as  in  Figure  22;  note  that  the  separated  flangf 

remains  intact  indicating  that  (a)  the  circumferential  cracks 
initiate  sooner  and  propagate  faster  than  radial  cracks  and 
(b)  the  separation  occurs  before  extensive  plastic  deforma¬ 
tions  occur. 
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l-’igure  25.  Samo  window  as  in  Figure  24;  note  the  prese.nce  of  rircumfer- 
ent;3l  cracks  in  the  bearing  surface  of  the  flange  and  the 
plastic  transformation  of  the  rounded  heel  into  a  sharp  edge 
and  the  fillet  on  the  instep  into  a  sham  corner. 


Figure  26.  Window  H,  after  154  hours  of  sustained  pressure  loading  at 

8,000  psi;  note  the  increase  in  wall  thickness  of  the  window 
near  the  flange  due  to  plastic  flow  of  acrylic  under  biaxial 
compression. 


circunifiTenlial  sitnii\  ai  cJnc  (Location  A) 


Sasne  window  as  in  Figure  29;  note  that  the  circusferential 
crack  has  conpicteiy  penetrated  the  flange  and  the  flange 
renains  attached  to  the  body  of  the  window  only  at  one  place 


after  100  lirs 


after  10  hrs 


after  1  hr 


at  beginning  of 
sustained  loading 


Figure  32.  Change  in  magnitude  and  distribution  of  strains  with  duration 
of_sustained  pressure  loading  at  8,000  psi;  window  H,  Type  I; 


after  200  hrs 
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Figure  2h.  Total  strain  at  the  apex  as  a  function  of  time  and  magnitude 
of  pressure  under  sustained  loading. 
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Figure  37.  Time-dependent  strain  (creep)  as  a  function  of  sustained 
pressure  loading. 


Figure  38.  Typical  plastic  deformation  of  Type  I  windows,  subjected  to 
long-term  pressure  loading  of  sufficient  magnitude  to  cause 
imploding;  windows  J  and  H,  Type  I. 
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Figure  39.  Typical  cyclic  fatigue  cracks  on  the  flange  bearing  surface; 
window  AA,  Type  VI  after  22  standard  pressure  cycles  to 
6,000  psi.  Note  that  major  crack  originates  at  0-ring  groove. 


Figure  40.  Same  window  as  in  Figure  39;  note  the  shape  of  the  typical 
cyclic  fatigue  crack  in  the  bearing  surfac'e  on  the  flange. 
Similar  cracks  were  observed  in  bearing  surfaces  of  acrylic 
windows  subjected  to  cyclic  pressure  loading  in  other  studies 
(2,8,10].  This  peculiar  shape  is  probably  caused  by  expansion 
of  grease  or  water  trapped  in  the  crack  during  relaxation  phases 
of  pressure  cycling. 
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Figure  Al.  Same  window  as  in  Figure  39;  note  that  the  circumferential 

crazing  on  the  bearing  .-urface  of  the  flange  appears  primarily 
near  the  heel  of  the  flange  and  not  the  0-ring  groove. 


Figure  A2.  Typical  cyclic  fatigue  cracks  on  the  flange  bearing  surface; 

windov;  I,  Type  I  after  58  .standard  pressure  cycles  to  2,000 
psi.  Note  that  the  crack  originates  at  0-ring  groove. 
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inside  face 


Figure  44,  Typical  cyclic  fatigue  cracks  on  the  flange  bearing  surface; 

window  K,  Type  I  after  one  standard  pressure  cycle  to  8,000 
psi.  Note  major  circumferential  crack  between  the  heel  of 
the  flange  and  the  0-ring  groove. 
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Figure  45.  Same  window  as  in  Figure  44;  note  how  the  circumferential 
crack  has  penetrated  the  whole  thickness  of  the  flange. 


Figure  46.  Typical  cyclic  fatigue  cracks  on  the  flange  bearing  surface 
window  BB,  Type  VI  after  two  standard  pressure  cycles  to 
8,000  psi.  Note  many  circumferential  cracks  between  heel 
of  the  flange  and  0-ring  groove. 
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Figure  47.  Same  window  as  in  Figures  39,  40,  and  41;  note  that  cyclic 

fatigue  cracks  on  the  flange  bearing  surface  originating  not 
at  the  0-ring  groove  have  a  characteristic  mushroom  shape. 


I 'I  IT 
‘  ‘i  T 

,  11  i.fi 


_  crazed  zone  extending 
360  deg  around  seat  / 


Typical  Mushroom  Cracks  Originating 
in  the  Scat  of  the  Window 


Figure  48.  Two  characteristic  forms  of  window  fracturing. 


Figure  49.  Typical  cyclic  fatigue  meridional  cracks  on  the  interior  face 
of  window  M,  Type  I  window  after  22  standard  pressure  cycles 
to  6,000  psi;  note  that  the  meridional  cracks  do  not  penetrate 
through  the  whole  thickness  of  the  window  or  flange. 
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Figure  51.  Typical  cyclic  fatigue  meridional  cracks  on  the  interior  face 
of  window  E,  Type  1  (modified)  after  one  standard  pre.ssure 
cycle  to  8,000  psi;  note  that  the  crack.s  do  not  penetrate 
through  the  whole  thickne.ss  of  the  window. 


Figure  52.  Same  window  as  in  Figure  51;  note  Che  wide  crack  between 
.surface.s  and  that,  the  width  of  the  crack  is  wido.sC  on  the 
interior  face  of  the  window  indicating  chat  the  crack  ori 
ted  on  Ltie  interior  face  and  suhsequcntiy  prop.igaCt d  oucb 
toward  exterior  face. 


igure  54.  Typical  cyclic  fatigue  circuaferential  cracks  on  the  bearing 
surfaces  of  Type  J  flanges  that  cause  the  window  to  leak 
after  a  few  pressure  cycles;  window  K,  Type  I  after  one 
standard  pressure  cycle  to  8,OGO  psi. 
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Total  Compressive  Strain  (in./in. 


Figure  55.  Typical  cyclic  fatigue  circumferential  cracks  on  the  bearing 
surfaces  of  Type  VI  flanges  that  cause  the  window  to  leak 
after  a  few  pressure  cycles;  window  BB,  Type  VI  after  two 
standard  pressure  cycles  to  8,000  psi. 


Figure  56.  Distribution  of  compressive  strains  on  the  interior  face  of 
Type  I  windo"s  at  the  end  of  7-hour  sustained  pressure  load¬ 
ing  phase  at  2,000  psjl  in  a  standard  pressure  cycle,  window  I. 


Figure  57.  Distribution  of  residual  tensile  strains  on  the  interior  face 
of  Type  I  window  at  the  end  of  17-hour-long  relaxation  phases 
at  0  psi  in  standard  pressure  cycles  to  2,000  psi,  window  I. 
All  residual  strains  are  measured  from  the  strain  level  prior 
‘■.o  first  pressure  cycle;  70-75°F. 
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Figure  58.  Rate  of  increase  for  residual  tensile  strains  on  the  interior  face  of 
type  1  Xi^indow  at  the  end  of  17— hour— long  relaxation  phases  at  0  psi  in 
standard  pressure  cycles  to  2,000  psi,  window  I.  All  residual  strains 
are  measured  from  tlie  strain  datum  prior  to  the  first  cycle. 


Tensile  Strain  (in./in. 


59.  Rate  of  increase  for  residual  tensile  strains  on  interior 

face  of  Type  VI  window  at  the  end  of  17-hour-long  relaxation 
phases  at  0  psi  in  standard  pressure  cycles  to  5,000  psi, 
window  X.  All  residual  strains  are  measured  from  the  strain 
level  prior  to  first  pressure  cycle;  68-73  F. 


Gage  Lucattons 


Figure  60.  Rate  of  increase  for  residual 
tensile  strains  on  interior  face  of 
Type  I  window  at  the  end  of  17-hour- 
long  relaxation  phases  at  0  psi  in 
standard  pressure  cycles  to  6,000  psi, 
window  M.  All  tensile  strains  are 
measured  from  the  strain  level  prior 
to  first  pressure  cycle. 
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Figure  61.  Window  Z,  Type  VI  after  two  standard  pressure  cycles  to 

8,000  psi  on  a  neoprene-coated  nylon  cloth  gasket;  note  the 
absence  of  major  cracks,  also  compare  to  window  BB,  Type  VI 
(Figures  46  and  55)  that  was  tested  under  identical  cyclic 
conditions  but  without  a  gasket. 


Figure  62.  Same  window  as  in  Figure  61;  note  that  only  minor  crazing 

is  present  on  the  bearing  surface  indicating  the  beneficial 
effect  of  the  gasket. 
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Figure  65.  Cuts  in  neoprene-coeted  nylon  cloth  gasket  by  window  Z,  Type 
VI,  subjected  to  two  standard  pressure  cycles  at  8,000  psi. 


Gage  l.oeatioii'; 


Figure  66.  Comparison  of  short-term  strain  distributions  for  the  same 
window  Y,  Type  VI  pressurized  to  2,000  psi  with  and  without 
a  neoprene-coated  nylon  cloth  bearing  gasket. 


Total  Compressive  Strain  (in./in. 


Figure  68.  Comparison  of  strains  in  Type  I  windows  with  rounded  and 
sharp  heels  after  7  hours  of  sustained  pressurization  to 
2,000  psi;  windows  I  and  (e) ,  respectively. 
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Figure  69.  Rate  of  increase  for  residual  tensile  circumferential  strains 
on  the  interior  face  of  window (f)  ,  Type  I  with  sharp  heel  at 
the  end  of  17-hour-long  relaxation  phases  at  0  psi  in  standard 
pressure  cycles  to  2,000  psi. 
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Figure  71.  Type  VI  window  prior  Co  and  after  removal  of  flange  by  machining. 
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Figure  73.  Distribution  of  strains  on  the  interior  face  of  flangeless 
hemispherical  window  I  during  sustained  loading  phases  of 
pressure  cycling  to  2,000  psi;  note  that  the  strains  on 
the  interior  face  between  the  edge  and  apex  are  more  uniform 
than  in  Type  'I  and  Type  VI  windows  (Figures  56  and  66) . 
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Flangeless  window  I  after  two  standard  pressure  cycles  to 
8,000  psi  without  a  bearing  gasket. 


Ilydrotcicic  I’rcssurc 


-original  scs' 

deformed  scat 


Figure  76.  Seat  deformation  in  window  1 
after  testing  to  8,000  psi. 


'’c  "  °v 


(1  +  a)(i  -ab 


1  +  (t/Rj) 


=  18.000  psi 

-  '  / 
l*j  is  the  pressure  at  svhich  com-  f 
picic  plasticity  of  the  wall  » 
occurs,  assuming  the 
simplified  stress/  / 

strain  diagram.  j 

/"/ 


^  actual  point 


^NUC  TP410  test  of  flangeless  window  ivith 
sharp  seat  corner  (single  window-,  70°I-) 
held  at  20.000  psi  for  1  hr  without  implo¬ 
sion. 

0  Present  test  of  flanged  windows  with 
rounded  scat  corner  (average  of  five. 
70-75“F). 

A  N'CEL  R63I  test  of  flangeless  window 
with  sharp  scat  corner  (average  of  five. 
69-70°l-). 

©  NUC  TP35S.  test  of  flanged  windows  with 
sharp  scat  corner  (average  of  three. 
73-75°F). 


Figure  77.  Comparison  of  actual  and  calculated  critical  pressures  for 
hemispherical  windows  under  short-term  hydrostatic  loading. 
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short-term  implosion  (14,310  psi) 


Standard  Pressure  Cycles 

Figure  79.  Cyclic  fatigue  life  of  hemispherical  windows  with  Type 
flanges  without  bearing  gaskets  when  subjected  to  sta.. 
pressure  cycles  in  room  temperature  range. 


©  Cracking 


Unit  Strain,  Cj/I’  and  ARj/Rj  P  (in.^/lb  x  10' 


2.0 


Lame's  equation  for  hollow  spheres; 


85 


To(al  Compressive  Strain  (in./in.  x  10'*' 


unloaded  shape 


high  bearing  pressure 
causes  yielding 


(C)  =  Circumferential  strain 
(M)  =  Meridional  strain 

After  7  hrs  at  2.000  psi 
at  72-74°F. 
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Window  I 
Original  Type  I  (icometry 


Window  © 
Sharp  Seat  l-dge 


Window  I 
Flange  Iteinoved 


Figure  83.  Comparison  of  measured 
strains  for  windows  with  dif¬ 
ferent  equatorial  flange 
arrangements . 


Appendix 


DETAILED  DATA 

Although  the  body  of  the  report  presents  summaries  of  strain  distri¬ 
butions  in  Type  I  and  Type  VI  windows  under  different  kinds  of  hydrostatic 
loadings,  there  often  is  a  need  for  detailed  knowledge  of  strains  at  each 
strain  gage  location.  To  satisfy  this  requirement,  detailed  plots  of 
strains  are  shown  for  representative  windows  of  Type  I  and  Type  VI. 

Figures  85  and  86  afford  a  direct  comparison  between  strains  on  the 
same  window  subjected  to  short-term  loading  with  and  without  a  neoprene 
bearing  gasket.  Figures  87  and  88  allow  a  comparison,  on  the  other  hand, 
between  strains  on  Type  I  and  Type  VI  windows  under  short-term  loading. 

Figures  89  and  90  permit  a  comparison  of  creep  strains  on  Type  I 
and  Type  VI  windows  under  the  same  sustained  loading  condition,  that  is, 
10,000  psi.  The  effect  of  sustained  loading  magnitude  on  the  rate  of 
creep  and  subsequent  relaxation  in  Type  VI  window  can  be  observed  by 
comparing  Figures  91,  92,  93,  and  94. 

Figure  95  presents  graphically  the  strain  history  of  the  concave 
surface  at  the  apex  for  a  Type  VI  window  during  sustained  loading  at 
4,000  psi  and  subsequent  relaxation. 
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1.2,3 
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compressive 

I QQ  . .  I .  . — t  compressive 
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Figure  89.  Window  0,  Type  VI  under  sustained  loading  at  10,000  psi 


Striiin  lieforc 


Figure  91.  Window  R,  Typo  VI  under  sustnlned  loading  at  <^i,000  psi 


I-'l.gui-e  92.  Wliulow  K,  Type  VI  chirlnjj  roliixacion  from  .siistolneci  .lojuling 
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Figure  93.  Window  Q,  Type  VI  during  sustained  loading  at  7,000  psi 


Time  (hr) 

Window  Q,  Type  VI  during  relaxation  from  sustained  loading 
at  7,000  psi. 


Total  Strain  (in./in.  x  10' 


Figure  95.  Windov^  R,  Type  VI  during  a  sustained  pressure  loading  and 
the  subsequent  relaxation;  strain  on  the  interior  face  at 
the  apex. 


Definition  of  Technical  Terms 


short-term  loading 

short-term  critical  pressure 
(STCP) 


long-term  or  static  loading 


cyclic  loading 


strain 


creep 


relaxation 


hoop  orientation  of  strains 
or  stresses 

meridional  orientation  of 
strains  or  stresses 

total  strain 


short-term  strain 


radial  displacement 


normalized  strain 


increasing  the  hydrostatic  pressure  at 
650  psi/minute  rate 

pressure  at  which  catastrophic  failure 
of  the  window  occurs  when  subjected  to 
short-term  hydrostatic  loading  at  75  F 
(24^C)  ambient  temperature 

pressurizing  the  window  to  a  specified 
pressure  at  650  psi/minute  rate  and 
maintaining  that  pressure  for  specified 
number  of  hours 

pressurizing  the  window  repeatedly  to 
a  specified  pressure  at  650  psi/minute 
rate,  maintaining  this  pressure  for 
a  specified  number  of  hours,  depres¬ 
surizing  at  650  psi  per  minute  to  0 
psi  and  allowing  the  window  to  relax 
for  a  specified  number  of  hours  before 
repeating  the  procedure 

unit  deformation,  in. /in.  of  original 
length 

time  dependent  deformation  of  material 
under  sustained  loading  of  constant 
magnitude;  in. /in.  of  original  length 

time  dependent  restoration  of  material 
to  its  original  dimensions  under  absence 
of  external  loading;  in. /in.  of  original 
length 

direction  parallel  to  the  edge  of 
spherical  sector  window 

direction  at  right  angle  to  the  hoop 
direction;  meridional  lines  pass 
through  the  apex 

total  deformation  of  material,  includes 
both  the  short  term  and  creep  components 
of  strain;  in. /in.  of  original  length 

deformation  of  material  under  short¬ 
term  loading;  in. /in.  of  original  length 

displacement  of  the  interior  surface 
at  the  apex  towards  the  center  of 
curvature  for  the  hemisphere 

strain  per  u'  increase  of  pressure 
under  short-  rm  loading;  in. /in. /psi 
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RUTGERS  UNIVERSITY  New  Bnmswick  NH  (Civil  &  Environ  Engr  Dept.,  du  Bouchet) 

SAN  DIEGO  .STATE  UNIV.  Dr.  Krishnamixirthy,  San  Diego  CA 

SCRIPTS  INSTITUTE  OF  OCEANCXiRAPHY  LA  JOLLA,  CA  (ADAMS).  San  Diego.  CA  (Marina  Pin .  Lab.  Spiess) 
STANFORD  UNIVERSITY  STANFORD.  CA  (DOUGLAS) 

TEXAS  A&M  UNIVERSITY  COLLEGE  STATION.  TX  (CE  DEPT).  College  TX  (CE  Dept.  Herbich) 
BONNEVILLE  POWER  ADMIN  Los  Angeles  CA  (Hancock  Lib.  of  Bio.  &  Ocean) 

UNIVERSI TY  OF  CALIFORNIA  BERKELEY.  CA  (CE  DEPT,  .MITCHELL).  BERKELEY.  CA  (OFF  BUS.  AND 
FINANCE,  SAUNDERS).  DAVIS.  CA(CE  DEPT,  TAYLOR).  SAN  DIEGO.  CA.  LA  JOLLA.  CA  tSEROCKI) 
UNIVERSITY  OF  DELAWARE  Newark,  DE  (Dept  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OF  HAW'AII  HONOLULU.  HI  (SCIENCE  AND  TECH.  DIV.) 
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UNIVERSITY  OF  ILLINOIS  URBANA,  IL (LIBRARY) 

UNIVERSITY  OF  MASSACHUSETTS  (Heronemus),  Amherst  MA  CE  Dept 
UNIVERSITY  OF  MICHIGAN  Ann  Arbor  MI  (Richart) 

UNIVERSITY  OF  NEBRASKA-LINCOLN  LINCOLN,  NE  (SPLETTSTOESSER) 

UNIVERSITY  OF  NEW  HAMPSHIRE  DURHAM,  NH  (LAVOIE) 

UNIVERSITY  OF  PENNSYLVANIA  PHILADELPHIA,  PA  (SCHOOL  OF  ENGR  &  APPLIED  SCIENCE.  ROLL) 
UNIVERSITY  OF  RHODE  ISLAND  KINGSTON,  RI  (PAZIS) 

UNIVERSITY  OF  TEXAS  Inst.  .Marina  Sci  (Library).  Port  Aransas  TX 

UNIVERSITY  OF  WASHINGTON  SEATTLE.  WA  (APPLIED  PHYSICS  LAB).  SEATTLE.  WA  (OCEAN  ENG 
RSCH  LAB.  GRAY).  SEATITE,  WA  (PACIFIC  MARINE  ENVIRON.  LAB..  HALPERN) 

US  DEPT  OF  COMMERCE  NOAA.  Marine  &  Earth  Sciences  Lib..  Rockville  MD 
UNIVERSITY  OF  CALIFORNIA  Berkeley  CA  (E.  Pearson),  La  Jolla  CA  (Acq.  Dept.  Lib.  C-075A) 

UNIVERSITY  OF  ILLINOIS  Honolulu  HI  (Dr.  Szilard) 

UNIVERSITY  OF  RHODE  ISLAND  Narragiinsett  RI  (Pell  Marine  Sci.  Lib.) 

US  GEOLOGICAL  SURVEY  Off.  Marine  Geology.  Mailstop  915.  Reston  VA 
AEROSPACE  CORP.  Acquisition  Group.  Los  Angeles  CA. 

ARCAIRCO.  D.  Young.  Lancaster  OH 

ARVID  GRANT  OLYMPIA.  WA 

ATl.ANTIC  RICHFIELD  CO.  D.ALLAS.  TX  (SMITH) 

AU.STRALIA  Dept.  PW  (A.  Hicks).  Melbourne 
BECHTEL  CORP.  SAN  FRANCISCO.  CA  (PHELPS) 

BELGIUM  NAECON.  N.V..  GEN. 

BETHLEHEM  .STEEL  CO.  BETHLEHEM.  PA  (STEELE) 

BROWN  &  ROOT  Houston  TX  (D.  W;ird) 

CANADA  Can-Dive  Services  (English)  Nonh  Vancouver.  Lockheed  Petrol.  Srv.  Ltd..  New  Westminster  BC.  Mem 
Univ  Newfoundland  (Chari).  St  Johns.  Surveyor,  Nenninger  &  Chenevert  Inc.. 

CHEVRON  OIL  FIELD  RESEARCH  CO.  LA  HABRA,  CA  (BROOKS) 

COLUMBIA  GULF  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

DILINGHAM  PRECAST  F.  McHale.  Honolulu  HI 
DRAVOCORP  Pittsburgh  PA  (Giannino) 

NORWAY  DET  NORSKS  VERITAS  (Library).  Oslo 

ESSO  PRODUCTION  RESEARCH  CORP.  HOUSTON.  TX(RUNGE) 

evaluation  assoc.  INC  KING  OF  PRUSSIA.  PA  (FEDELE) 

FRANCE  P.  Jcnsett.  Bottlognc,  Pierre  Liiunay,  Boulogne-Billancourt.  Roger  LaCroix.  Paris 
GLOBAL  MARINE  DEVELOPMENT  NEWPORT  BEACH.  CA(HOLLETT) 

(jOULD  INC.  Shady  Side  MD  (aes.  Inst.  Div..  W.  Paul) 

GRUMMAN  AEROSPACE  CORP.  Bethpage  NY  (Tech.  Info.  Ctr) 

ITALY  M.  Caironi.  Milan,  Sergio Tattoni  Milano 

LAMONT-DOHERTY  GEOLOGICAL  OBSERV.  Palisades  NY  (McCoy).  Palisades  NY  (Selwyn) 

LOCKHEED  MISSILES  &  SPACE  CO.  INC.  SUNNYVALE,  CA  (PHILLIPS) 

MARATHON  OIL  CO  Houston  FX  (C.  Seay) 

M.ARINE  CONCRETE  STRUCFURES  INC.  MEFAIRIE.  LA  (INGRAHAM) 

NEWPORT  NEWS  SHIPBLDG  &  DRYDOCK  CO.  Newport  News  VA  (Tech.  Lib.) 

NORWAY  A.  Torum.  Trondheim.  DET  NORSKE  VERITAS  (Roren)  Oslo.  J.  Creed.  Ski.  J.D.  Holst.  Oslo. 

Norwegian  Tech  Univ  (Brandtzttcg).  Trondheim 
OCEAN  DATA  SYSTEMS,  INC.  SAN  DIEGO.  CA  (SNODGRASS) 

OCEAN  ENGINEERS  SAUSALITO.  CA  (RYNECKI) 

(XEAN  RESOURCE  ENG.  INC.  HOUSTON.  TX  (ANDERSON) 

OFFSHORE  DEVELOPMENT  ENG.  INC.  BERKELEY.  CA.  Berkeley  CA 
TORTLAND  CEMENT  ASSOC.  Skokie  IL(Rsch  &  Dev  Ub.  Lib.) 

PRESCON  CORPTOWSON.  MD(KELLER) 

PUERTO  RICO  Puerto  Rico  (Rsch  Lib.),  Mayaquez  P  R 
RAND  CORF.  Santa  Monica  CA(A.  Laupa) 

SANDIA  LABORATORIES  Library  Dv..  Livermore  CA 
SCHUPACK  ASSOC  SO.  NORWALK.  Cr(SCHUPACK) 

SEATECH  CORP.  MIAMI.  FL(PERONI) 

SHELL  DEVELOPMENT  CO.  Houston  TX  (E.  Doyle) 

SHELL  OIL  CO.  HOUSTON.  TX  (MARSHALL).  Houston  TX  )R.  de  Casiongrene) 

SWEDEN  VBB  (Library).  Stockholm 
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TIDEWATER  CONSTR.  CO  Norfolk  VA  (Fowler) 

TRW  SYSTEMS  CLEVELAND.  OH  (ENG.  LIB.),  REDONDO  BEACH.  CA  (DAI) 

UNITED  KINGDOM  D.  New.  G.  Maunscll  &  Partners.  London.  Shaw  &  Hatton  (F.  Hansen),  London.  Taylor. 
Woodrow  Constr  (014P),  Southall.  Middlesex,  Taylor.  Woodrow  Constr  (Stubbs).  Southall.  Middlesex.  Univ.  of 
Bristol  (R.  Morgan).  Bristol 

UNITED  TECHNOLOGIES  Windsor  Locks  CT  (Hamilton  Std  Div..  Library) 

WESTINGHOUSE  ELECTRIC  CORP.  Annapolis  MD  (Oceanic  Div  Lib.  Bryan) 

WM  CLAPP  LABS  -  BATTELLE  DUXBURY.  MA  (LIBRARY).  DUXBURY.  MA  (RICHARDS) 

GREG  PAGE  EUGENE,  OR 


104 


